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The  purpose  of  this  work  was  to  develop  new  surfaces  for  electrochemical 
analysis  of  biological  molecules  that  can  be  applied  as  detectors  for 
chromatographic  methods  such  as  high  pressure  liquid  chromatography  (HPLC) 
and  capillary  zone  electrophoresis  (CZE).  Electrochemical  detectors  can  be 
applied  to  a wide  range  of  compounds  and  have  the  advantages  of  good 
sensitivity,  selectivity  and  low  limits  of  detecton.  However,  electrochemical 
detection  of  biological  molecules  is  generally  limited  by  electrode  fouling  resulting 
from  irreversible  adsorption  of  the  analyte  at  the  electrode  and  Irreversible  surface 
changes. 

In  this  work  we  presented  a new  strategy  developed  for  the  electrochemical 
detection  of  small  biological  surface  active  molecules  and  redox  proteins  at 


grapniie  surfaces.  Graphite  suilaces  ara  commonly  useO  as  electrochemical 
Oeleclors  in  bloanalysis  because  of  properties  such  as  a wide  potential  window 
and  low  background  currents.  The  strategy  developed  for  surface  modification 
relied  on  the  use  of  dynamic  surface  modificaton  by  surfactants  at  three  graphite 
surfaces-rough  pyrolybc  graphite  (RPQ),  glassy  carbon  (QC)  and  carbon  fiOer-to 
reduce  problems  with  surface  fouling.  Surfactants  were  present  In  solution 
during  analysis.  This  provided  a continuous  renewable  surface  that  enhanced 
the  sensitivity  of  Inactive  surfaces  such  as  QC  and  the  stability  of  active  surfaces 
such  as  RPQ. 

By  considering  analyte  properties  such  as  structure,  hydrophilidcy, 
hydrcphoblcity  and  charge,  surfactants  could  be  chosen  to  interact  favorably  with 
the  analyte  and  with  the  surface.  A model  for  ionic  aliphatic  surfactant  assembly 
at  graphite  was  developed  with  smdl.  well  characterized  catecholamines  as 
electroactive  probes,  which  allowed  direct  Interpretation  of  the  electrochemical 
data.  The  proposed  model  was  based  on  surfactant-surface  and  surfactant- 
analyte  interactions. 

Quamitatlon  of  response  in  surfactant  media  was  Investgaled  to  determine 
surfactant-probe  inieractions  and  optimum  condition  in  analysis.  Furthermore, 
^e  parameters  needed  for  best  response  at  graphite  surfaces  such  as  ionic 
strength  were  also  investgaled. 

This  model  was  applied  to  the  electrochemical  analysis  of  a redox  protein, 


nich  provided  Insight 


response  of  large  biological  molecules  at  graphite. 


CHAPTER  1 
INTRODUCTION 

1.1  Purpose  ol  Prooosad  Work 

The  purpose  of  this  work  was  to  develop  new  strategies  for  preparng 
optimum  electrode  surfaces  for  electrochemical  analysis  of  biological  molecules 
that  can  be  applied  as  detectors  lor  chromatographic  methods  such  as  high 
pressure  liquid  chromatography  (HPLC)  ahd  c^illary  zone  electrophoresis  (CZE) 
or  in  sensors.  Electrochemio^  detectors  can  be  applied  to  a wide  range  of 
compounds  and  have  the  advantages  of  good  sensitivity,  selectivity,  low  dead 
volumes  (ZOpL)  and  low  limits  of  detections,  e,g„  ICX”  moles  for  an  amperomethc 
electrochemical  detector  (1).  Electrochemical  detectors  have  limits  of  detection 
much  lower  than  UV  detector  with  limits  of  detections  between  Iff'*  and  Iff” 
moles  (1),  Even  the  sensitive  fluorescence  detectors  with  detection  limits  similar 
to  the  electrochemical  detectors  require  tedious  sample  preparation  prior  to 
analysis  (1),  However,  electrochemical  detection  of  biological  molecules, 
especially  such  large  redox  proteins  as  cytochrome  c,  is  generally  limited  by 
electrode  fouling  resulting  from  irreversible  adsorption  at  the  electrode.  For 
example,  adsorbed  redox  proteins  typically  do  not  exhibit  reversible  electron 
transfer  and  inhibit  the  redox  reaction  of  protein  from  solution,  vshicn  can 


eventually  result  in  surface  blockage  where  response  can  no  longer  be  observeO 
(2).  Surface  blockage  can  occur  as  a result  of  protein  adsorption  in  native  or 
elearoinactlve  form  and  as  a result  of  adsorbed  surface  active  trace  Impuntles 
present  in  the  protein  sample.  In  addition  to  protein  adsorption,  other  protein 
properties,  such  as  slow  diffusion  coefficients  and  buned  redox  centers, 
complicate  their  electrochemical  analysis. 

In  this  work  we  present  a new  strategy  dsveloped  for  the  electrochemicat 
detection  of  small  biological  molecules  as  well  as  redox  proteins  at  graphite 
surfaces  that  was  aimed  at  controlling  the  properties  of  graphite  surfaces  relevant 
in  analysis.  Graphite  surfaces  ere  commonly  used  as  electrochemical  detectors 
In  bioenelysis  because  of  properties  such  as  wide  potential  windows  (-hi  24  V 
to  -1.S4  V vs  SCE)  and  low  background  currents.  In  addition  to  surface  changes 
caused  by  Irreversible  adsorption  of  biological  molecules,  surface  oxidation  of 
graphite  can  result  in  the  formation  of  an  Insulating  layer  reducing  rates  of 
electron  transfer  at  the  surface  (3).  Surface  oxidation  can  increase  with 
increasing  solution  pH,  increasing  positive  potential  window  of  analysis  (3),  or 
repeated  cycling.  In  addition  to  external  parameters,  the  Inherent  activity  of  the 
surface  can  determine  the  susceptibility  ofthe  surface  to  fouling,  where  an  active 
graphite  surface  is  generally  more  susceptible  to  surface  oxidation  with 
concomi»nt  surface  fouling. 

In  this  work  graphite  surfaces  are  modified  to  enhance  the  sensitivity  and 
reduce  problems  of  surface  changes  during  analysis  prolonging  ths  lifetime  of 


me  surface  while  maintaining  the  Inherent  properties  of  graphite  useful  in 
bioanalysjs.  The  strategy  developed  relies  on  the  use  ol  dynamic  surlace 
modlficaiion  by  surfactants.  In  this  strategy  surfactants  are  present  in  solution 
during  analysis  prcMdlng  a continuously  renewable  surface  that  enhances  the 
stability  and  allows  better  control  over  surfactant  assembly  at  the  surface.  In 
addition,  the  surface  is  designed  so  that  electron  transfer  through  this  surfactant 
layer  Is  not  significanlly  hindered.  Surfactant  assembly  prevents  strong  analyte- 
greohite  interactions,  such  as  hydrophobic  Inieracliohs  ellmihatihg  Irreversible 
adsorpVbn  and  permanent  changes  In  protein  stnjcture  in  case  of  protein 
analysis.  In  addivon.  weak  (electrostatic)  protein-modified  surface  and  protein- 
surfactant  interactions  result  In  effident  transport  of  protein  to  the  surlace  with 
proper  orientation  for  affective  electron  transfer.  Similar  advantages  are  realized 
In  the  analysis  ol  smdl  biological  molecules. 

The  results  also  show  how  by  considering  analyte  propenles  such  as 
stnjcture,  hyOrophilidty,  hydrophobioity,  and  charge,  surfactants  can  be  chosen 
to  Interact  favorably  with  the  analyte  as  well  as  the  surface.  A model  for 
surfactam  assembly  at  graphite  is  developed  based  on  the  observed  surfactant- 
surface  and  surfactant-analyte  intaractions,  This  model  was  developed  with  both 
small  end  large,  well  charactehzeo  biological  probes.  Small  biological  molecules 
exhibit  fast  diffusion  and  have  a more  rigid  structure  less  sensitive  to 
environmental  parameters,  allowing  straightforward  Interpretation  of 
eiectrochemrcal  data  These  models  were  then  applied  to  the  development  of 


optimum  strategy  tor  electrochemical  analysis  of  proteins  and  provided  Insight 
into  ^e  parameters  necessary  tor  good  response  of  bioiogical  moteculas  at 

The  model  for  surfactant  modification  of  graphite  was  developed  and 
applied  to  conventional  structure  and  size  graphite  electrodes  first  The  latter 
part  of  this  work  involved  applying  this  model  to  an  ullramicroelectrode.  carbon 
fiber.  Ultramicroelectrodes  are  commonly  used  as  detectors  for  CZE  because 
their  size  facilitates  its  Interface  to  CZE.  In  bioanalysis,  these  electrodes  have 
advantages  of  lower  limits  of  detection  due  to  a compact  double  layer,  reselling 
In  a more  efficient  mass  transfer  (electron  transfer);  lower  ohmic  potential  (fl) 
drop,  resulting  In  their  wider  applications  to  solutions  of  high  resistance  suen  as 
organic  solvems  and  In  solutions  of  low  ionic  strength;  and  fast  response  time, 
making  them  useful  in  trace  analysis  In  addition,  their  sm^l  size  makes  them 
useful  for  In  vivo  analysis.  In  particular,  carbon  fiber  Is  useful  In  electrochemical 
detection  of  biological  molecules  because  of  the  inherent  properties  of  graphite. 
Surfactant  modification  of  this  surface  should  improve  tha  response  of  biological 
molecules  similar  to  that  observed  for  conventional  size  electrodes. 

1.2  GraohilB  Surfaces 

1.21  Conventional  Size  Electrodes:  Glassy  Carbon  IBC)  and  Rouoh  Pvroivtic 

Graphite  fRPG) 

Pyrolytic  graphite  (PG)  is  prepared  by  high  temperature  <1200°-3BO0’  C) 
decomposition  of  gaseous  hydrocarbons  such  as  methane  and  propane  onto  a 


hot  graphite  surface  (4).  The  structural  and  physroal  properties  of  the  PG 
produced  depend  on  the  surface  of  deposition,  temperature  of  healing,  and 
further  treatment  after  manufacturing.  PG  Is  roughened  to  produce  RPQ  using 
a 600-grit  silicon  carbide  paper. 

GC  Is  purchased  in  the  form  of  disk/rods  and  is  made  by  thermal 
degradation  of  selected  organic  polymers  such  as  furfural  alcohol,  phenol 
formaldehyde  and  acetone  lurfural.  Precursor  materials  are  cured  then 
carbonized  very  slowly  at  temperatures  above  300  °C  then  heated  to  1 800  *C. 

Both  GC  and  RPG  are  sp’  carbons  with  four  valence  electrons.  Three  of 
the  four  electrons  are  involved  in  forming  sigma  bonds  to  adjacent  carbons  with 
carbon-carbon  bond  length  equal  to  1.42  A (5).  The  fourth  electron,  is  a tr 
electron  which  is  free  to  move  within  the  graphitic  layers. 

The  properties  of  graphite  are  Oetermined  by  Its  graphitic  orientation. 
Rgure  l shows  basal  plane  orientation  and  edge  plane  orientation  of  graphite. 
Basal  planes  are  paraiel  to  the  hexagonal  layers,  vrftlle  edge  planes  are 
perpendicular  to  these  layers.  The  rr  electron  moves  freely  within  the  layers 
corresponding  to  edge  plane  orientation,  which  is  responsible  for  Sie  greater 
conductivity  observed  at  edge  planes  over  basa  planes.  L,  and  L,,  shown  In 
Rgure  1,  correspond  to  the  meen  size  of  graphitic  mlcrocrystaiite  along  the  axis 
and  the  Interplanar  microcrystallite  size,  respectively.  In  addition,  the  intarplanar 
distance  d„,  which  eorrespOhOs  to  the  stacking  of  the  hexegona  planes 
(ABAB  .)  Is  aso  shown  In  thisfgure.  This  distance  is  reported  to  range  between 


RgufB  1.  Crystallographic  Dlmansions  ol  sp’  Carbon  with  (A)  view  of  basa 
plane,  and  (B)  view  of  edge  plans  orientation. 
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bstwesn  3.354  and  3.6  A for  different  graphite  surfaces. 

PG  consists  of  highly  ordered  crystallites  of  carDon  In  a hexagohal  planar 
array.  As  showh  in  Figure  2,  highly  ordered  pyroiytc  graphite  (HOPQ)  has  well 
defined  graphitic  plane  orientation  with  L,  and  L,  equal  to  ca  500  and  1000. 
respectively,  and  d^  equa  to  3.354  A.  GO  is  a brittle,  hard,  amorphous  materia. 
This  material,  shown  In  Rgure  3,  consists  of  trlgonaiy  and  tetrahedraiy  bonded 
carbons  In  an  arrangement  of  tangled  aromatic  rings  with  varying  degrees  of 
cross  linKing.  L,,  L,,  and  had  been  determined  to  be  50,  15,  and  3.350  A, 
respectively. 

QC  and  PG  have  different  physical  and  chemlca  properties  responsible 
for  the  observed  differences  in  electrochemical  activity  of  these  two  surfaces. 
RPG,  which  is  structurally  related  to  PG,  is  referred  to  as  an  active  surface  while 
unactivitated  GC  Is  not.  The  activity  of  these  surfaces  is  determined  by  chemical 
and  structural  properties  such  as  density  of  surface  functional  groups,  surface 
wettability,  double  layer  capacitance,  surface  roughness  and  graphitic  orientalton. 
Bectrochemical  activity  Is  characterized  by  electrochemical  measurements  of  rate 
constants  for  electron  transfer.  The  greater  activity  of  RPG  than  of  GC  in  part  Is 
due  to  a greater  amount  of  exposed  edge  plane  graphite,  which  is  more 
conductive  than  basal  planes.  This  leads  to  a greater  density  of  chemisorbed 
surface  oxides  and  greater  surface  wettability. 

The  graphitic  orientation  of  these  surfaces  has  been  deternnined  from 
polarization  sensitive  Raman  spectra  Raman  spectra  of  highly  ordered  pyrolytic 


Rgurs  2.  Structure  of  Highly  Ordered  Pyrolytic  Gr«whit8  (HOPG). 
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Rgurs  3.  Structure  of  Glassy  Carbon  (QC). 
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graphite  (HOPQ)  have  rndlcete  an  adsorption  wavelength  of  1S62  cm' 
representing  basal  planes  orientation  and  1360  cm  ' for  edge  plane  orientation 
(6).  The  ratio  of  intensities  of  adsorption  at  1360  cm'  and  15S0  cm' 
corresponds  to  the  ratio  of  edge  planes  to  basal  plane  orientation.  RPG  was 
found  to  have  agreater  ratio  of  edge  planes  to  basal  planes  than  RPG.  However, 
this  ratio  could  be  increased  for  GC  with  pretreatment  methods. 

An  example  of  the  commonly  chemisorbed  surface  oxides  is  shown  in 
Figure  4.  Previously  it  was  stated  that  the  amount  of  chemisorbed  surface  oxides 
is  greater  at  the  more  conductive  edge  plane  orientation.  Therefore,  another 
measure  of  surface  activity  is  determined  by  the  amount  of  surface  oxides 
present  at  the  surface.  From  ESCA  analysis  the  oxygen  to  carbon  (0:C)  ratios 
have  been  determined  lor  PG  and  GC  [7],  The  results  are  listed  In  Table  1. 
From  these  results  the  0:C  ratio  Is  greater  at  PQ  than  GC.  consistent  vrith  the 
greater  activity  of  this  surface. 

The  presence  of  chemisorbed  surface  etudes  increases  the  wettability  of 
ths  surface.  In  addition  to  density  of  surface  oxides,  surface  wettability  can  be 
related  to  greater  density  of  edge  planes.  Surface  wettability  is  determined  from 
contact  angle  studies  using  the  Sessile  drop  method  (6).  For  a totally  wettable 
surface  contact  angles  of  0°  are  expected,  while  for  a totally  hydrophobic  surface 
contact  angles  of  90°  are  obsen/ed.  The  results  In  Table  1 show  RPG  has  a 
contact  angle  of  44,  while  GC  has  a contact  angle  of  66.  Indicatng  that  RPG  Is 


wettable  surface  than  GC. 


Rgure  4.  Surface  Oudes  at  Graphite  Surfaces. 
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The  double  layer  capaciiancs  (C^  of  RPG  and  GC  has  0 
to  be  60  and  12  nF/cm’,  respectively.  The  difference  in  C,  for 
a result  of  differences  in  graphitic  orientation,  surface  wettability,  and  surface 
oxides.  Using  C,  measurements  and  the  assumption  that  the  electroactive  area 
is  1.3  tmes  greater  than  the  geometric  area  (9.10),  the  roughness  factor  (RF)  of 
RPG  and  GC  has  been  determined  to  be  five  times  greater  at  RPG,  as  shown  In 
Table  l . 

In  addition  to  surface  properties,  electrochemical  measurements  of  rate 
constants  for  uncomplicated  outersphere  one  electron  quasireversible  Inorganic 
systems  also  confirm  he  differences  in  activity  of  RPG  and  GC.  The  greater 
actlviiy  of  RPG  over  GC  is  evident  from  the  rate  constants  for  ferrioynanide  listed 
in  Table  1,  which  are  one  order  of  magnitude  greater  at  RPG  than  at  GC  (11). 
1,22  UltramicroBleclrodes:  Carbon  Fiber 

One  of  the  commonly  employed  methods  In  preparing  carbon  fiber 
electrodes  Is  catalytic  chemical  vaporization  and  deposition  (CCVO),  which  Is 
based  on  catalytic  dehydrogenatjon  of  hydrocarbons  (e.g.,  benzene  vapor)  on 
small  panicles  of  Fe,  Ni,  and  Co  (4).  This  method  involves  diffusion  of  carbon 
atoms  on  the  surface  or  through  the  bulk  of  the  metal  particle  after 
decomposition  of  the  reagent  gas.  The  carpon  fibers  formed  can  have  different 
structure  such  as  radial,  onion,  and  random  (Rgure  5). 

The  carbon  fiber  surfaces  have  not  been  extensively  characterized.  Their 


properties . 


TaDle  1.  GHAPHITE  PROPERTIES 


Density  of  surface  oxides  determined  from  ESCA  analysis  (7). 
Contact  angles  measured  using  Sessile  drop  method  (8). 

Roughness  faaor  calculated  from  double  layer  capacitance 
measurements  assuming  microscopic  area  Is  1.3  x geometric 
area  (9,10). 


Heterogeneous  rate  constant  for  ferrlcyanlde  (It). 


Gamal  alumina  polished. 


Silicon  carbide  polished  (600  grid)  to  produce  RPG. 


Rgure  5.  Possible  Carbon  Fiber  Structures:  (A)  raditU;  (8)  onion;  (C)  ranflom 
(D)  grs^hitlc  plane  orientation. 
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and  PG.  The  spectra  of  carbon  fibers  prepared  at  high  temperatures  are  that  of 
highly  ordered  pyrolytic  graphite  with  preferred  graphitic  plane  orientation  (4). 
The  lines  in  Rgure  5 represent  edge  plane  graphitic  orientation  while  the  side  of 
the  fiber  exhibits  properties  of  basal  plane  graphite.  The  more  active  area  of  the 
electrode  material  is  located  at  the  edge  plane  regions  (4). 

The  differences  In  activities  between  the  disk  (edge)  and  cylindrical  (basal) 
sides  of  a carbon  fiber  have  been  determined  from  double  layer  capacitance 
studies  where  the  disk  end  had  measured  capacitance  of  23  nF/cm’  and  the 
cylindrical  side  had  a capacitance  of  6.8  pF/cm’.  The  double  layer  capaciiance 
measured  (or  pure  basal  plane  orientation  is  2-3  pF/cm‘  indicating  that  the  sides 
of  carbon  liber  electrodes  do  not  only  have  basal  planes  and  that  some  surface 
heterogeneity  exists  (4). 

1.23  Ionic  Strenplh  Effects  on  Graphite  Response 

The  eleclrlcal  douOle  (aver.  The  electrical  double  layer  at  an  electrode 
surface  contains  a solution  and  an  electrode  side.  The  solution  side  Is  made  up 
of  several  so-called  layers.  The  Inner  layer,  the  layer  closest  to  the  surface, 
contains  solvent  molecules  and  possibly  other  species  specifically  adsorbed. 
This  layer  Is  referred  to  as  the  compact,  Helmholtz,  or  Sterh  lay^.  Solvated  ions 
can  only  approach  the  surface  to  the  outer  pan  of  the  Helmholtz  layer.known  as 
the  outer  Helmholtz  layer.  The  interactions  of  the  solvated  iohs  with  the  charged 
surface  involve  only  long-range  electrostatic  interactons.  Therefore,  these 
interacbons  are  independent  of  chemical  propenles  of  the  analyte  and  these 
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analytes  are  nonspecifically  aOsorbeO.  On  the  other  hand,  specifically  aCsorbeC 
species  can  approach  the  surface  as  close  as  the  inner  Helmholtz  layer  and 
interactians  are  dependent  of  chemical  properties  of  the  analyte. 

Electrode  kinetics  are  affecteC  by  the  Couble  (Helmholtz)  layer  structure: 
by  adsorption  of  reactants,  products,  supporting  electrolytes,  along  with  any 
other  species  In  solution.  As  the  concentration  of  the  supporting  electrolyte  is 
increased,  the  double  layer  becomes  more  compact,  allowing  better  surface 
access  for  the  electroacllve  probe  (12),  which  can  result  in  an  increase  in  rales 
of  electroOa  reactions  measured  by  increase  in  current,  On  the  other  hand, 
decreasing  concentration  of  the  supporting  electrolyte  produces  a less  compact 
(diffuse)  double  layer,  extending  the  duter  Helmholtz  region  further  Into  soluton 
and  preventing  solvated  ions  to  access  the  surface  closely.  The  electrolyte 
composIVon  can  Oalermlne  the  size  and  properties  of  ths  double  layer,  which  in 
turn  can  affect  rates  of  electrode  reactions  according  to  this  classical  Frumldn 
analysis  of  double  layer  effects  on  kinetics  (13). 

The  effect  of  double  layer  composition  on  analyte-surface  Interactions  will 
depend  on  the  nature  of  these  Interactions.  For  instance  a speofically  adsorbed 
analyte  can  approach  the  surface  as  closely  as  the  inner  Helmholtz  layer; 
changes  in  the  double  layer  size,  which  changes  the  location  of  the  outer 
Helmholtz  layer,  can  significantly  affect  nonspecifically  adsorbed  analytes  which 
can  only  access  the  surface  as  closely  as  the  outer  Helmholtz  layer,  but  not 
analytes  which  are  specifically  adsorbed.  However,  in  the  case  where  analytes 
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are  spedficalfy  aPsorSed  at  charged  electrode  sites,  changes  in  the  douDle  layer 
composition  could  alter  the  availability  of  these  charged  surface  sites. 

Double  layer  effects  on  the  electrochemical  response  ot  araohlte  In  the 
case  of  graphite,  chemisorbed  functional  oxide  groups  produce  a negatively 
charged  surface  at  neutral  pH  and  moderate  potentials.  Specific  adsorption  or 
preferential  interactions  with  cations  have  been  repbrled  (14-16).  Since 
speciflcaiy  adsorbed  cations  on  graphite  result  from  electrostatic  inleraobons  with 
the  surface,  it  can  be  expected  that  surface  charge  screening  by  the  supporting 
electrolyte  cations  can  Improve  response  for  anionic  species  and  reduce  that  for 
cationic  ones  by  changing  the  availability  of  these  sites.  This  can  occur  by 
increasing  Ionic  strength  and/or  adding  a supporting  electfolyte  with  multiply 
charged  cations  (13).  In  addition  to  electrostatic  interactions,  hydrophobic 
interactions  at  graphite  can  occur.  These  interactions  are  dependent  on  the 
extent  of  exposed  hydrophobic  groups  and  the  ability  of  the  hydrophobic  moiety 
of  the  analyte  to  access  these  regions.  Access  to  these  regions  should  be 
optimal  when  the  double  layer  is  compact  and  the  outer  Helmholtz  layer  Is 

Charge  screening  effects  were  shown  by  Hill  and  Whitford  (17)  to  be 
important  to  the  response  of  4-chloro-3,5-diniirobenzolc  acid  (CON6)  substituted 
cytochrome  c (net  negative  charge)  at  pyrolytio  graphite  (PG).  The  results 
demonstrated  an  Improvement  In  response  with  increased  Ionic  strength  or 
adding  a supporting  electrolyte  with  multivalent  cations.  The  increase  In 
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response  was  anriPuted  lo  effective  screening  of  the  anionic  surface  groups, 
allowing  the  CDNB-substituted  cytochrome  c to  access  the  surface  efficiently, 
producing  higher  rates  of  electron  transfer. 

Recent  work  by  Anson  and  Lee  (18)  on  carbon  microdisk  electrodes 
demonstrated  an  Improvement  in  response  of  negatively  charged  ferricyanide 
following  addition  of  a supporting  electrolyte  with  multivalent  cations.  This 
Improvement  was  attributed  lo  screening  of  ttte  surface  functional  groups  by  the 
cations,  along  with  Increased  transport  ol  the  ferricyanide  through  the  double 
layer,  as  a result  of  a decrease  in  net  charge  ol  the  lenicyanide-caton  comple*. 


1.3  Redox  Proteins 

1.31  Structure  and  Analysis 

Electrochemical  detection  of  redox  proteins  is  limited  because  of  their 
adsorpSon  at  the  surface,  resulting  in  surface  blockage  and  eventual  loss  of 
sign^.  Biological  molecules  such  as  redox  proteins  have  complicated  structures 
consistng  of  four  parts:  the  primary  structure,  which  is  the  amino  acid  sequence: 
the  secondary  structure,  which  is  the  orientation  of  this  amino  acid  sequence 
such  as  o helix  or  p sheet;  the  tertiary  structure  which.  Is  the  three  dimensional 
protein  structure:  and  the  quaternary  structure  (not  obsen/ed  (or  all  proteins), 
which  consists  of  two  or  more  protein  subunits  as  in  hemoglobin. 

Changes  In  tertiary  structures  can  occur  easily  because  of  the  sensitivity 
of  protein  structure  to  environmental  changes  such  as  temperature  and  pH. 
Because  proteins  consist  of  hydrophobic  and  hydrophilic  regions,  they  can  alter 
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their  structure  to  imeract  with  the  surface  or  its  erwironment,  resultlrtg  in 
irreversible  adsorption  at  most  surfaces.  This  adsorption  Is  usually  a result  of 
permanent  structural  changes  in  the  protein  and  complicates  electrochemical 
analysis  of  proteins  in  two  ways.  First,  the  electroactive  area  is  reduced,  since 
Irreversible  protein  adsorption  blocks  the  surface.  Second,  the  existence  of 
multiple  protein  forms  prevents  chemical  identification  of  ths  protein. 

1.32  Proleih-Electrode  Surface  Interactions 

Previous  electrochemical  studies  of  redox  proteins  such  as  cytochrome  c 
{cyt  c)  at  different  electrode  surfaces  have  enabled  a model  for  prolein-electrode 
surface  interactions  to  emerge  (2).  Hydrophilic  proteins  such  as  cyt  c (outer 
hydrophilic  surface)  with  hydrophobic  cores  usually  expose  their  hydrophobic 
interior  at  surfaces  with  hydrophobic  regions  resulting  in  permanent  protein 
conformational  changes  and  loss  of  bioactivity.  The  process  of  electrostatic 
attraction  bringing  protein  dose  to  die  surface  and  leading  to  exposure  of  its 
hydrophobic  Intenor  is  known  as  cooperative  interaction  and  is  unwanted  In 
analysis.  This  process  has  been  observed  by  several  groups  at  various  graphite 
surfaces.  For  example,  Hilt  and  colleagues  (19,20)  conducted  studies  of  cyt  c 
on  graphite  surfaces,  conduding  that  Interactions  between  ths  protein  and 
graphite  occur  mainly  due  to  electrostatic  attraction  between  the  negative  surface 
oxide  groups  present  at  graphite  (at  pH  S.S  or  greater)  and  the  positive  (lysine) 
groups  around  the  prosthetic  (heme)  group  of  cyt  c (Isoelectric  point  of  10.0). 
These  interactions  resemble  electrostatic  interactions  of  cyt  c in  vivo  that  are 


25 

reported  to  occur  between  the  lysine  groups  on  cyt  c and  the  carpoxylale  groups 
ol  its  redox  partner  oyt  c oxidase,  and  phosphate  groups  on  phospholipid 
membranes  (21).  Studies  of  cyt  c response  at  basal  plane  pyrolytic  graphite 
(BPG)  with  low  density  of  surface  oxides  and  edge  plane  pyrolytic  graphite  (EPG) 
with  a greater  amount  of  surface  oxides,  indicated  the  response  of  cyt  c to  be 
better  at  EPG  than  BPG  In  addition,  at  the  more  hydrophobic  surface,  BPG, 
surface  fouling  was  a greater  problem  (19,20).  Surface  fouling  was  also 
observed  by  Bond  el  al.  at  GC,  where  a decrease  in  cyt  c respcmse  was 
observed  with  increasing  scan  number  due  to  the  presence  of  the  irreversibly 
adsorbed  protein  form  at  the  surface  (22). 

In  addition  to  hydrophobic  Interactions,  other  protein-surface  interactions 
can  lead  to  permanent  changes  In  protein  structure,  such  as  the  formation  of  a 
chemical  bond  between  the  protein  and  t)ie  surface.  For  example,  extensive 
studies  of  cyt  c response  on  gold  (Au)  indicated  that  a covalent  bond  forma 
between  a sulfur  group  of  an  amino  acid  methionine  on  cyt  c and  the  Au  surface, 
resulting  in  irreversible  protein  adsorption  with  a concomitant  conformattonal 
change  of  cyt  c (23).  Conformational  change  has  been  reported  to  be  a result 
of  a bond  breakage  between  the  prosthetic  hems  group  iron  and  sulfur  of  cyt  c, 
with  a change  In  coordination  number  of  the  Iron  from  six  to  five  (24). 

From  these  results  it  can  be  postulated  that  an  ideal  surface  for 
electroanaysis  of  cyt  c and  other  redox  proteins  is  one  at  which  the  protein  will 
not  interact  irreversibly.  This  entals  using  a surface  that 


matches  the  properties 


nihout  iaducing  protein  unfoldirtg. 


for  hydrophilic  proteins  with  charged  groups  on  its  exterior,  the  ideal  surface  Is 

protein  But  could  not  Interact  with  its  Interior.  In  the  case  of  cyt  c,  weak 
electrostatic  Interactions  between  cyt  c and  the  surface  may  be  tolerated  but  not 
hydrophobic  ones  because  these  can  result  In  unfolding  of  cyt  c.  Tin  oxide  has 
been  thought  to  be  an  ideal  surface  lor  cyt  c analysis  and  has  been  extensively 
used  by  Bowden  et  al.  (25)  to  Investigate  the  effects  of  parameters  such  as  Ionic 
strength  on  adsorption  ol  cyt  c.  This  surface  is  limited  In  bioanalysis  due  to  a 
narrow  potential  window  and  sensitivity  to  alkaline  pH,  where  the  surface 
undergoes  degradation  at  highly  alkaline  pH  (26).  The  potential  window  of  tin 
oxide  in  aqueous  media  lies  between  0 and  2 V vs  Ag/AgCI.  It  Is  limited  in  tha 
negative  potential  region  due  to  hydrogen  discharge  and  concurrent  reduction 
of  tin  oxide  to  metallic  tn  with  concomitant  surface  dastruction  (26). 

1.4  Strategies  in  Surface  Modification  for  Analysis 
1.41  Polvmer-Modilied  Electrodes 

Polymer-modified  electrodes  (PME)  are  formed  byattaehmenf  of  a polymer 
layer  at  the  electrode  surface.  Attachment  of  polymers  to  the  surface  can  be 
done  by  various  methods  (27-31).  Of  particular  Interest  to  our  work  are  PMEs 
formed  with  ion  exchanged  polymers.  Modification  here  consists  of  attaching  a 
polymer  film  of  positive  or  negative  charged  polyelectrolytes  developed  to 
electrostatically  trap  oppositely  charged  species  (32-^.  Tha  electrochemical 
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response  observed  at  these  polymer-modlf  ed  surfaces  depends  on  the  a 
analytes  to  partition  Into  the  film  and  diffuse  through  the  adsorbed  polymer  film. 
These  films  tend  to  partIGon  ions  following  normal  Ion  exchange  patterns  (33). 
Selectivity  of  these  films  arises  from  the  charge  and  chemical  differences  between 
the  analytes  (34). 

The  most  studied  ion  exchange  polymer  films  are  perfluorosulfonate  Teflon 
such  as  Naf  ons.  This  polymer  consists  of  hydrophilic  regions  from  the  sulfonate 
groups  (SO,"')  and  hydrophobio  region  as  a result  of  the  surrounding 
hydrophobic  polymer  (36).  Nafion  PMEs  are,  therefore,  cation  exchangers  that 
exclude  anions  with  preferential  parttloning  of  hydrophobic  over  hydrophilic 
species  (36-38). 

Unfortunately,  these  surfaces  have  numerous  drawbacks  in  analysis. 
Since  response  at  these  PMEs  is  governed  by  physical  partitioning  of  probes 
from  solution  Into  the  film,  the  voltammetric  response  Is  due  to  preconcentration 
of  probes  In  the  film.  This  requires  time.  Response  times  vary  depending  on  the 
nature  and  size  of  the  probe.  Response  times  of  minutes  (39)  have  been 
observed  for  small  probes,  while  response  times  of  several  days  (40)  have  been 
observed  for  large  hydrophobic  probes,  in  addition  because  response  is 
dependent  on  partltlonrtg,  these  films  suffer  from  saturation  of  the  electrostatic 
sites  (39,41)  and  Interference  due  to  compeilton  tor  these  sites  by  other  ions  in 
solution  (42),  Other  problems  such  es  control  of  film  thickness,  analyte 
properties,  required  sensitivity,  and  matrix  effects,  pose  problems  In  the  design 


of  PMEs.  Usually, 


Krowledga  of  sample  composition  and 


concentraton  Is  required  for  the  effective  use  of  PMEs. 

1.42  Self  AssemPIv  and  Lanomuir-Blodaett  Methods  in  Electroda  Modifieation 

Self  assembled  monolayers  (5AM]  have  been  proposed  as  elecbode 
modifiers  for  Improvement  In  sensitivity,  selectivity,  and  reducing  memory  effects. 
Modificailon  of  surfaces  by  SAM  is  done  by  adsorbing  a modlf  er  from  a solution 
prior  to  conducting  analysis  at  the  surface.  This  Is  generally  a combination  of  two 
processes:  binding  of  a functional  group  of  the  reagent  to  the  surface  with 
concomitant  hydrophobic  and  van  der  Waals  attraction  between  hydrophobic 
segments  of  the  reagent  (43). 

Similar  to  SAM,  Langmuir  Blodgett  (LB)  films  have  been  used  to 
manipulate  electrode  response.  Under  LB  methods,  an  amphophilic  modifier  Is 
spread  at  the  air/solvem  interface  and  pressure  is  applied  at  this  interface.  The 
substrate  (surface)  Is  dipped  Into  solution  and  pressure  Is  applied  to  compress 
molecules  to  form  a fim  at  the  surface.  Pressure  Is  maintained  while  the 
substrate  is  Insehed  and  removed  from  the  solution.  Control  of  coverage  Is 
determined  by  how  often  the  substrate  is  inserted  into  the  modifier  solution, 
which  can  result  In  monolayer  or  multilayer  coverage.  Control  of  response, 
sensitivity  and  selectivity  Is  done  by  varying  the  modifier,  the  surface  or  the 
solvent,  since  orientation  of  the  modifier  at  the  surface  depends  on  the  nature  of 
the  surface,  modifier,  and  solvent  used.  LB  films  are  usually  compact,  although 


they  are 


analyte  solution. 


The  modifiers 


used  In  SAM  and  L8  methods  normally  have 
hydrophilic  and  hydrophobic  properties.  For  example,  In  particular  interest  to  our 
worK  are  alKanethiols.  which  are  commonly  used  as  gold  (Au)  modifiers  through 
SAM.  Interest  In  these  alkanethlol  modifiers  arose  from  their  well  defined 
microstructure,  which  allows  investigating  relationships  between  molecular 
microstructure  at  the  electrode  surface  and  macroscopic  electrochemical 
observatons  such  as  sensitivity.  The  microstructure  of  self-assembled 
monolayers  has  provided  insight  Into  electron-transfer  reactions  at  elechodes 
(44,45). 

Alkanethlol  modifers  are  adsorbed  at  Au  by  forming  a covalent  bond 
through  a sulphur  group  onto  the  Au  surface  {24,25,46-46).  Another  group 
present  in  the  modifier  is  left  facing  the  solution,  capable  of  Interacting  with  the 
analyte  ^trough  weaker  interactions,  usually  hydrogen  bonding  or  electrostatic 
attraction.  The  group  lacing  solulior  and  the  one  adsorbed  at  the  surface  are 
linked  usually  by  a hydrophobic  group  (long  allphatc  or  bulky),  giving  the 
modifier  afar  more  rigid  structure.  The  stability  of  the  monolayer  depends  on  the 
length  of  this  hydrophobic  region,  where  hydrocarbon  chains  of  10  carbons  or 
more  have  been  reported  to  form  the  most  stable  films. 

These  modifiers  have  proven  successful  In  the  analysis  of  proteins  such 
as  cyt  on  Au.  In  the  absence  of  modifiers,  cyt  c adsorbs  irreversibly  on  Au, 
leading  to  eventual  loss  of  signal  due  to  partial  surface  blockage.  In  the 
presence  ol  the  alkanethiols.  direct  interactions  between  cyt  c and  Au  are 
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preventefl.  in  addition,  a good  response  for  cyt  c is  oSssrved  due  to  favorsUsle 
interactions  between  cyt  c and  the  modifier.  Both  SAM  and  LB  rnethods  provide 
permanently  modified  electrodes,  which  can  improve  the  sensitivity  and  selectivity 
of  response  as  well  as  reduce  memory  effects  at  the  surface. 

Response  atthese  films  Is  determined  by  film  thickness,  compactness  and 
the  ability  of  probes  to  parttion  into  these  films,  which  is  governed  by  the 
compactness  of  the  film  and  the  properties  of  the  analyte.  Interactions  between 
modifiers  and  analyte  usually  are  a result  of  electrostatic  attractions,  hydrogen 
bonding,  and  hydrophobic  partitioning.  Since  modifiers  with  10  or  more  carbon 
tftain  length  arerequired  tor  formation  of  a stable  film  at  the  surface,  a significant 
increase  in  distance  between  the  prcbe  and  surface  is  encountered  with 
modificadon.  This  results  in  decreases  In  electron  transfer  for  proPes  at  compact 
layers  or  for  probes  that  cannot  penetrate  deep  into  the  SAM  or  LB  film  because 
of  their  size  or  structure  limiting  the  use  of  these  surfaces  especially  for  sensitive 
amperomeinc  analysis. 

1.43  Surfactant  Aoplicatons  in  Surface  Modificaiion 

Surfactant  modification  of  graphite  was  shown  to  be  useful  In  analysis  of 
biological  molecules  as  a result  of  the  similarities  between  surfactant  assemblies 
and  biological  membranes.  The  desired  membrane  properties  suc^i  as  charge, 
hydrophobicity  and  assembly  structure  can  be  controlled  by  the  choice  of 
surface,  surfactant  and  solution  conditions. 

Aliphatic  surfactants.  Of  particular  interest  tn  aur  work  are  ionic  aliphatic 


^sisting  of  an  alkyl 


surfactants.  Thess  surfactants  consist  of  a hydrophobic  tall  con 
chain  and  a charged  hydrophilic  head  group  suoh  as  quatsrnary  ammonium 
salts,  sulfates  and  sulfonates.  An  example  of  assembly  of  Ionic  aliphatc 
surfactants  at  an  air/HjO  interface  is  shown  in  Figure  6.  At  this  interface  aliphatic 
surfactants  align  perpendicular  to  the  Interface  with  the  hydrophilic  head  group 
in  solution  and  the  hydrophobic  tall  group  facing  the  air. 

In  bulk  aqueous  media,  as  a result  of  hydrophobic  Interactions  between 
neighboring  surfaotant  tail  groups,  surfactants  form  normal  micelles  in  solution 
at  a certain  concentraton  known  as  the  Chllcal  micelle  concentration  (cmo).  At 
and  above  cmo,  a constant  concentration  of  monomer  surfactants  exist  In 
solution.  These  monomer  surfactants  are  in  continuous  exchange  with 
surfactants  in  micelles. 

Reported  cmo  values  for  aliphatic  surfactants  are  usually  In  the  millimoiar 
range.  Since,  micellallon  is  a result  ol  hydrophobic  repulsion  between  the 
hydrophobic  surfactant  tail  groups  and  water,  surfactants  which  are  more 
hydrophobic  (e.g„  longer  tail  group)  will  have  lower  cmo  than  more  hydrophilic 
ones.  In  aOdlllon,  cmo  of  aliphatic  surfactants  is  affected  by  external  solution 
parameters  such  as  Ionic  strength  and  nature  of  the  supporting  electrolyte.  For 
example,  as  the  electrolyte  concentration  Is  raised,  repulsion  between 
neighboring  head  groups  is  reduced  resulting  in  a decrease  in  cmo. 

Normal  micelles  are  micelles  formed  in  water.  As  shown  In  Rgure  6,  they 
vesicles  with  the  hydrophilic  head  groups  facing  solution  and 


I spherical  lik 


Figure  6.  Surfactani  assembly  al  an  Air/H,0  Interface  and  MIcellation  In 
Aqueous  Media.  This  is  a cartoon  representation  for  visual 
purposes  only. 
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merior  core.  Their  Oiameter  ranges  between 
20-30  A (49-51)  depending  on  the  carbon  chan  length  as  well  as  the  nature 
(size/charge)  of  the  hydrophilic  head  group.  The  diameter  of  the  micelle  Is 
determined  by  the  length  of  the  carbon  chain  length.  Increasing  carbon  dt^n 
length  increases  micelle  size,  in  addition,  the  number  of  surfactants  per  micelle 
or  the  aggregation  number  determines  micelle  size.  Surfactants  with  lower 
charged  head  groups  generally  have  the  larger  aggregation  numbers  due  to 
weaker  head  group  repulsion  between  neighboring  surfactants. 

Aggregation  number,  similar  to  cmc,  is  affected  by  ezternal  parameters 
such  as  electrolyte  composition.  Aggregation  numbers  increase  with  Ionic 
strength  or  addition  of  electrolytes  with  multiply  charged  Ions.  This  is  a result  of 
a decrease  in  head  group  repulsion  between  neighboring  surfactants.  For 
aliphatic  surfactants  aggregaton  numbers  between  60  and  80  have  been 
reported  (49-51). 

The  interactions  of  surfactants  with  species  present  in  solution  are  well 
documented  (49-51).  Prior  to  micelle  formation  Ion  pairing  interactions  between 
analytes  and  aliphatic  (ionic)  monomer  surfactants  occur.  After  the  formation  of 
micelles  the  solubility  of  otherwise  Insoluble  hydrophobic  molecules  in  water 
Increases.  The  ability  of  micelles  to  solubilize  species  otherwise  insoluble  In 
water  Is  advantageous  In  biologicai  analysis.  This  solubilization  process  occurs 
through  reversible  (dynemic)  Interactions  between  the  analyte  and  micelles  In 


species  may  reside  l 


. regions  of  a micelle  (49-51). 


Some  penetrate  Into  the  hydrophobic  core,  some  remairt  near  the  micelle-solution 
interface  around  the  hydrophilic  head  groups,  and  others  are  located  somewhere 
between  these  two  regions,  the  extent  of  solubilization  in  a micelle  depends  on 
the  hydrophobicity  of  the  analyte.  A more  hydrophobic  analyte  will  partition 
deeper  into  the  micelle  core  than  a hydrophilic  analyte  whi^  will  remain  primarily 
at  the  surface  and  perhaps  eleclrostatically  interact  with  the  micelle. 
Solubilization  properties  of  micelles  can  be  controlled  by  using  surfactants  with 
longer  tall  groups  which  produce  larger  more  hydrophobic  micelles. 

Surfactants  are  amphophilic  molecules  with  hydrophobic  and  hydrophilic 
propertes.  A characteristic  feature  of  surfactants  is  their  tendency  to  adsorb  at 
a solid-liquid  interface  (S1.S2).  Surfactant  adsorption  at  surfaces  In  aqueous 
media  could  be  a result  of:  ion-exchange;  ion  paihng;  hydrogen  bonding  (Lewis 
add-Lewis  base  reactions):  rt-n  interactions:  hydrophobic  interactions:  and  by 
London-van  der  Waals  dispersion  forces  (51). 

At  hydrophilic  surfaces  In  aqueous  media  assembly  of  aliphatic  surfactants 
is  thought  to  occur  through  its  head  groups.  Lateral  Interactions  between 
neighboring  surfactant  at  the  surface  result  in  formation  of  bilayer-like  assemblies 
at  the  surface  (51.52).  If  surfactant  concentration  Is  low  resulhng  in  low  surface 
coverage  this  assembly  is  loose  wiin  significant  amount  of  defects  while  as 
surface  coverage  Is  increased  the  assembly  becomes  more  compact  and 
ordered.  At  hydrophobic  surfaces,  tail  groups  Interactions  with  the  surface  drive 
assembly  and  only  monolayers  in  aqueous  media  are  expected. 
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Bile  surtaetanig.  Bile  surfactants  are  biological  surfactants  produced  in  tne 
liver  and  used  in  the  Intestines  to  dissolve  ingested  fat  to  allow  Its  adsorption  by 

cut  polarities  where  regions  of  hydrophobidtles  and  hydrophlHcitles  are  not  as 
well  defined  as  in  alipnatic  surfactant. 

Bile  surfactants  have  a bulky  structure  with  no  defined  head  or  tail  group 
(53)  The  bean  shape  structure  of  bile  surfactants,  In  particular  deoxychollc  add 
(OCA)  is  shown  in  Figure  7 Bile  surfactants  consist  of  a rigid  steroid  nucleus 
with  a hydrophilic  and  hydrophobic  side.  The  hydrophilic  side  of  bile  surfactants 
has  2-3  hydroxyl  groups  and  a carboxylic  group  which  is  ionized  at  pH  2 8 (pKa 
= 6.8).  The  hydrophobic  side  of  bile  surfactants  consists  of  2 methyl  groups 

Naturally  occurring  biles  vary  in  the  number  of  hydroxyl  groups  as  well  as 
the  Isomeric  orientation  of  these  groups.  Human  bile  surfactants  are  conjugated 
with  the  amino  acids  glydne  and  tauiine  through  a covalent  bond  between  the 
amine  groups  of  the  amino  acids  and  the  carboxylic  groups  of  bile  surfactants 
simllarlyto  peptide  bonds  formed  between  two  amino  acids.  This  results  in  lower 
pKa’s  of  bile  of  ca.  4 and  2.  respectively  which  prevents  predprtatlon  of  bile  at 
physiological  pH. 

Bile  surfactants  aggregate  in  aqueous  solution  initially  as  a result  of  back 
to  back  (hydrophobic)  interaclions  between  neighboring  surfactants  (53-55). 
with  the  amino  acids  glycine  and  taurine  through  a covalent 


bond  between  the 


Structure  and  Properties  ot  Bile  Surfactants:  (A)  deoxycfiolic  acid 
structure  (DCA);  (B)  assembly  at  an  air/H,0  interface  and  at 
surfaces  in  aqueous  media;  (C)  aggregation  in  aqueous  solution. 
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axnine  groups  of  the  amino  acids  and  the  oarboxylic  groups  of  bile  surfactartts 
similarly  to  peptide  bonds  formed  between  two  amino  acids.  This  results  In  lower 
pKa's  of  bile  of  ca  4 and  2,  respectively  which  prevents  precipitation  of  bite  at 
physiological  pH. 

Bile  surfactants  aggregate  In  aqueous  solution  initally  as  a result  of  back 
to  back  (hydrophckjic)  Interactions  between  neighboring  surfactants  {53-55). 
These  hydrophobic  interactions  result  in  the  formation  of  pnmary  micelles,  as 
shown  In  Rgure  7,  with  aggregation  numbers  less  than  10.  Through  H bonding 
Interactions,  primary  micelles  are  reported  to  form  secondary  micelles  also  shown 
in  Rgure  2C  resulting  in  larger  aggregates  (55). 

Although  aggregation  begins  at  the  critical  micella  concentration  (cmc) 
even  below  this  concentration  dimers  and  trimers  are  reported.  Beyond  cmc, 
unlike  for  aliphatic  surfactants,  bile  concentration  continues  to  Increase  with 
increasing  bile  concentrations  (53-55). 

Rgure  7 shows  assembly  of  bile  at  the  air/H,0  Interface.  Assembly  of  bile 
at  air/water  (acidic  aqueous  solutions)  under  Langmuir-Blodgett  methods  has 
been  studied  by  Ekwall  et  al  (56,57).  Orientation  of  bile  at  these  Interfaces  Is 
thought  to  occur  with  the  methyl  groups  facing  the  air  interface  and  the  OH  and 
COOH  groups  facing  the  aqueous  substrate.  It  was  found  that  for  bile 
surfactants  with  two  hydroxyl  groups  such  as  llthochoilc  and  glycolithochollc 
adds  assembly  was  flat  where  the  longitudinal  axis  of  bile  is  parallel  to  the 
surface  so  that  both  hydroxyl  groups  are  in  contact  with  the  aqueous  suDstrate. 


sing  the  carboxyl  and  hydroxyl  groups, 


these  groups  still  remained  in  contact  with  the  aqueous  substrate  and  fat  at  the 
surface  because  of  the  positioning  of  the  OH  groups.  Similarly,  because  of  the 
positianing  of  the  OH  groups  of  other  bile  surfactants  such  as  dIhydroxy  and 
trihydroxy  biles,  their  assembly  is  parallel  to  tha  surface.  On  the  other  hand,  bile 
surfactants  with  one  hydroxyl  group  are  reported  to  assemble  perpendicular  to 
the  aqueous  substrate  (56).  Ekwall  and  Ekholm  et  al.  observed  that  monolayer 
formation  at  the  surface  occurred  easily  because  of  the  amphophilic  properties 
of  bile  surfactants  (56,57).  However,  multilayer  formation  required  large  amounts 
of  energy.  For  example  3000  cal/mol  of  energy  was  required  for  the  formation 
of  a termolecular  structure  at  the  surface  and  bilayer  structures  were  not 
observed. 

Surtaciani  effect  on  electrochemical  response.  The  use  of  surfactants  in 
electrochemistry  has  been  documented  In  various  reviews  (49-51,55,59).  The 
concentration  and  nature  of  the  surfactants  can  affect  electrochemical  response 
by  changing  the  shape  of  electrochemical  wave,  the  half-wave  potential,  diffusion 
coeffcients,  peak  currents,  electron  transfer  rates  and  the  stability  of  Intermediate 
species  (4g.50.60-67).  The  cited  studies  discussed  the  effect  of  solution 
Interactions  in  micellar  media  on  probe  response.  Work  by  Aouyagul  et  al  (66) 
has  shown  the  feasibility  of  calculating  standard  formal  potentials  E*'  of  water 
insoluble  substances  by  using  electrochemical  measurements  in  micellar 
aqueous  media  in  conjunction  with  solubility  measurements.  Electrochemical 


response  w(N  be  affected  by  the  strength  of  micetle-probe  interactions  (6e,69),  the 
structure  and  sizeofthemicells  (69-71)  which  was  shown  earlier  to  be  influenced 
by  supporting  efectrayle,  as  well  as  the  degree  of  partitioning  of  the  probe  Into 
the  micelle  (49.64.68).  However,  when  considering  micellar  effect  on 
electrochemical  response  both  surface-micelle  Interactions  and  probe-micetle 
interactions  must  be  considered. 

Previous  work  by  Bard  and  coworkers  (52)  on  the  reductive 
eiecirochemlstry  of  methyl  wologen  in  micellar  solutions  of  anionic  sodium 
doOecyl  sulfate  (SOS)  showed  that  the  hydrophobic  cation  radical  intermediate 
of  methyl  viologen  (MV*)  parttioned  deeper  into  the  micelles  of  anionic  SDS  than 
the  more  hydrophilic  forms  of  meUiyl  viologen  surti  as  MV  and  MV".  This 
greater  partltoning  resulted  in  positive  shifts  in  half-wave  potentials  (E,^) 
consistent  with  Increased  difficultes  in  oxidation  (electron  transfer).  In  addition, 
despite  the  more  favorable  electrostatic  interactions  between  MV®'  and  SDS  than 
of  MV  and  SDS,  kinetics  for  the  more  hydrophilic  form.  MV"  were  not 
significanlly  changed  in  micellar  SDS  solution.  Their  results  indicated  that  the 
electrochemic^  response  of  hydrophobic  probes  would  be  more  affected  than 
the  response  of  hydrophilic  probes,  as  a result  of  deeper  partitioning  into  the 
micella  core  making  It  more  difficult  for  electron  transfer  with  the  electrode  to 

In  another  study,  Bard  and  coworkers  (72)  used  cyciio  voltammetry  (CV) 
measurements  to  Investigate  structure  and  elearon  transfer  properties  of 
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surfaintant  aggregates  with  electroactive  head  groups  formed  under  Langmuir- 
Blodgett  methods.  They  observed  increase  In  peak  currents  when  surfactant 
multilayers  were  adsorbed  tail-head-tail-head  on  tin  oxide.  The  response  was 
attributed  to  the  instability  of  the  surfactant  multilayers.  Unfavorable  surfactant- 
surfactant  and  surfactant-surface  interactions  resulted  in  delects  in  the  multilayers 
resulting  in  better  electrode  acoess  where  electron  transfer  was  facilitated  at 
these  delects.  However,  when  surfactants  were  adsorbed  head-tail-tail-head  at 
tin  oxide,  peak  currents  decreased  as  a result  of  greater  electrode  hindrance. 
Surfactant  bllayers  were  more  stable  when  surfactants  adsorbed  head  on  and 
interacted  hydrophobicaily  with  hydrocarbon  tail  groups  of  a second  layer. 
Electrode  hindrance  at  these  Dllayers  resulted  from  the  formation  of  more 
compact  assembly  at  the  surface  where  electron  transfer  distance  was  increased. 
They  also  observed  a decrease  In  rate  of  electron  transfer  tollowing  an  Increase 
in  surfactant  layer  thickness  where  electron  transfer  was  still  possible  but  sluggish 
at  a multilayer  coverage. 

In  related  work  Pouillen  et  al.  (73)  reported  negative  shifts  in  reduction 
potential  for  nitrobenzene  in  anionic  (SDS)  and  nonionic  (Brij-35)  surfactants  at 
GC  and  a decrease  In  currents  In  micellar  media  which  they  attributed  to  an 
increased  difficulty  of  electron  transfer  through  an  adsorbed  surfactant  layer. 
However,  In  positive  (CTAB)  surfactant  solutions  response  for  nitrobenzene  was 
Improved.  They  concluded  that  CTAB  micelles  decreased  protonation  rate  of  the 
nitrobenzene  anion  radical  and  facilitated  reduction  by  a dianion  pathway.  The 
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negative  and  nonionic  sudactants  Increased  the  stabiiity  of  the  anion  radical  and 
siowed  down  the  rata  of  radicai  anion  reduotlon. 

Mousty  and  Mousset  (74)  saw  a decrease  in  eiectron  transfer  for  4-acetyl- 
t-phenoxyalkyi  ammonium  salts  , electroreduCiDle  amphophilic  molecules,  of 
short  carbon  chain  length  in  CTAB  or  Brij-35  solutions.  They  attributed  this  to  an 
Increase  In  difficulty  of  reduction  through  Ute  adsorbed  surfactant  layer. 
However,  as  the  carbon  chain  length  vvas  increased  tor  the  electroacbve 
amphophiles.  the  kinetics  improved.  This  was  attributed  to  the  formation  of 
mixed  micelles  between  the  non-elecircactive  surfaaants  and  the  electroreducilbe 
ones  which  resulted  In  an  adsorbed  mixed  micelle  layer  at  the  surface  at  which 
reduction  of  the  electroactive  amphophiles  was  facilitated. 

Ewing  and  Walllnford  reported  decrease  In  currents  for  catecholamines  at 
carbon  fiber  electrodes  which  were  used  as  detectorsforCZE  analysis  in  micellar 
media  of  SDS  at  cmc  (10  mM)  (7S).  They  attributed  this  decrease  in  response 
to  the  partitioning  of  the  probes  Into  the  interior  of  the  micelles  which  resulted  In 
a decrease  In  diffusion  coefficient. 

However,  work  conducted  by  this  group  usihg  aliphatic  surfactants  in  the 
analysis  of  catecholamines  at  BPG  and  GC  showed  enhancements  in  response 
at  inactive  GC  and  a reduction  of  surface  fouling  at  RPG  (76).  The  slight 
decrease  in  response  observed  at  RPG  was  consistent  with  the  decrease  in 
probe  adsorption  at  the  surface  and  did  not  appear  to  be  a result  of  solubilization 
of  probe  in  micellar  media  which  would  result  In  an  apparent  decrease  in  the 


diffusion  coefficient.  This  work  indicated  that  In  order  for  surfactants  to  improve 
response  at  graphite,  favorable  probe-surfactant,  and  surfactant-surface 
interactions  must  occur. 

methods  for  quantitating  electrochemical  response  for  analyte  in  micellar  media 
have  been  reported  (49,66).  Micelle-analyte  equilibrium  association  constants, 
e.g.,  binding  constants  have  been  determined  using  electrochemical  methods. 
These  methods  involve  comparing  half-wave  potenlal  (E,„)  in  micellar  media  to 
the  E,„  measured  in  water.  Shifts  In  can  be  used  to  determine  the  extent  of 
probe-micelle  interactions  (49,66).  Ohsawa  and  Aoyagul  developed  a 
mathematical  relationship  between  E,,,  and  the  binding  constants  of  micelles  with 
analyte  (49).  The  derivation  of  this  equation  is  shown  below.  E,,  tor  a reversible 
system  determined  from  CV  experiments  is  : 


where  Ep,  and  E„  are  catftodic  and  anodic  peak  potentials  (mV),  respecfively. 
At  25  “C,  E„  can  be  related  to  the  thermodynamic  formtU  potential  (E*’)  by: 

£221i  lo,  (|l)”  (2) 


is  the  number  of  electrons  transferred 


id  D,  and  D,  are 
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diffusion  coeffidenis  (on^‘/s)  for  the  reduced  and  oxidized  forms  of  the  redox 
couple,  respectively  (12).  For  a system: 


Ox  * e'  - flecf 

Micelles  t{  K.  K,  t{  Mcefles  (3) 

Ox  t e ■ ■■  Red  ^ 


where  the  subscripts  aq  and  M represent  analyte  In  the  aqueous  and  miosllar 
media,  respectively,  the  equilibrium  binding  constants  for  the  reduced  (K,)  and 


K, 


(Red^l 

[Red„]  [MicB//es| 


(4) 


(5) 


The  Nemst  equations  at  25°C  for  equations  1 and  2 above  are: 


|Ox^] 

(fled 


£„  = e 


(8) 


SuOstrtuting 


0,05916  [0»  iu|l 

n ® [Red 
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(7) 


£„  = £ 


0.05916  X,  |OXa,l 
~T~  [fledj 


(8) 


At  25°C  E,^=  E°',  if  (Ox]  = [Red),  using  equation  6 snifts  in  E*’  (AE°')  can  be 
determined  from  the  equation  below: 

0£“'  = £~^  -£“„  = -2:°^  log  (^)  (9) 


For  a reversible  system  E°'  - E°’  measured  In  micellar  sblutons  can  be 

compared  to  E*’  in  aqueous  media.  These  shifts  in  E"  can  be  used  to  determine 
the  binding  constant  ratios  of  the  oxidized  and  the  reduced  forms  of  the  probe 
to  micelles.  KJK,.  which  is  a measure  of  a degree  of  probe-micelle  binding.  For 
example  from  equation  9,  shift  in  E,„  indicates  that  the  binding  of  the  oxidized 
form  of  the  analyte  to  micelles  Is  greater  than  the  reduce  form  since  K,  is  greater 
than  K,. 

Using  this  method  and  the  above  equation  9,  the  binding  constants  for 
catecholamines  In  aliphatc  micellar  media  have  been  previously  calculated  (76). 
Similar  methods,  will  be  employed  In  this  work  to  Investigate  the  binding  constant 
ratios  for  proteins  to  surfaces  and  surfactants. 


t.5  APDlicalion  ot  Arrphophile-MoBtfied  Graphite  Surlaces  in  Bioanaivsis 
Modification  of  graphite  for  biological  analysis  has  been  attempted 
previously  by  exploiting  surface  active  amphophilic  modifiers.  Patrlarche  et  al. 
(77)  modified  GC  by  depositing  a hydrophobic  coaling  of  phospholipids 
consisting  of  different  amounts  of  phosphate  groups  (negatively  charged  at 
neutral  pH]  to  selecfively  detect  positively  charged  analytes  with  hydrophobic 
moieties.  Tetracaine  and  chlo^romazine  which  are  positively  charged  (conta'n 
tertiary  nitrogen)  and  are  highly  soluble  in  lipids  (enables  them  to  partition  into 
the  adsorbed  phospholipid  layer)  were  detected  with  better  selectiwty  than 
negativsiy  charged  species  such  as  ascorbic  acid.  Similarly,  Kaifer  et  al.  (76) 
modified  GC  with  phosphytidylcholine  to  show  the  selsotivity  of  the  surface 
attached  membrane-like  structure  for  hydrophobic  ferrocene  derivatives 
containing  positively  charged  side  groups. 

Other  work  conducted  by  O'Neill  and  Lyne  (79)  involved  using  stearic  acid 
whidt  is  negatively  charged  at  pH  7 to  modify  carbon  paste  electrode.  This 
allowed  eiectroanalysis  of  DA  without  AA  interference.  The  carbon  paste 
electrode  was  produced  by  mixing  graphite  powder  and  stearic  acid  in  Nujol  oil. 
This  mixture  was  than  packed  into  a Teflon  coated  silver  wire  by  pressing  the 
paste  into  a well  of  the  electrode  body  about  2 cm  high.  Their  results  indicated 
Increase  in  probe  distance  to  the  surface  following  modificaton  and  a significant 
decrease  in  response  of  negatvely  charged  AA  but  not  positively  charged  DA. 
Matolla  and  Albahadily  (60)  used  0.10%  (w/v)  two  neutral  and  one  anionic 
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surtactam.  Brij-35.  Triton  x.  ana  sodium  dodecyl  benzene  sulfonate,  respectively, 
to  wash  the  carbon  paste  surfaces.  These  surfaces  were  then  used  as  detectors 
In  a flow  system.  This  Improved  response  for  species  that  adsorbed  such  as  tris 
(1,10  phenantholine)  Iron  (II)  and  for  species  which  they  reported  did  not  adsorb 
such  as  NADH  and  ferricyanide.  The  Improvement  In  response  was  attributed  to 
a decrease  in  uncompensated  resistance,  an  increase  In  reproducibility,  surface 
wettability  and  active  area  of  fine  surface  making  the  surface  more  accessible  for 
electroactlve  species. 

Previous  work  by  Bard  and  coworkers  (52)  on  the  reductive 
electrochemistry  of  methyl  viologen  (MV)  Ih  and  premicellar  micellar  solutions  of 
anionic  sodium  dodecyl  sulfate  (SOS)  at  GC  electrodes  suggests  that  not  only 
electrostatic  but  dso  other  effects  such  as  hydrophobic  ones  can  contribute  to 
surfactant-probe  interactions.  At  premicellar  concentrations  they  reported 
coadsorption  of  negat'vely  charged  SDS  monomers  with  the  MV  cation  radical 
(MV*)  determined  from  the  slope  values  of  CV  plots  of  log  of  peak  currents  (y 
vs  log  of  scan  rate  (v).  Above  micellar  concentrations  of  SDS,  partitoning  of 
MV*  into  the  micelles  dominated  over  ion  pairing  and  electron  transfer  was  more 
difficult  because  MV*  was  retained  In  the  micelle  more  strohgly  than  other 
viologen  forms  such  as  the  oxidized  (MV*')  and  the  reduced  MV.  This  resulted 
In  slower  kinetics  for  the  hydrophobic  fomi  which  partitioned  the  most  into  the 
micelle.  They  concluded  that  response  of  MV  was  more  affected  by  hydrophobic 
interactions  with  the  micelles  in  solution  that  by  electrostatic  ones  and  that  only 
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micelles  in  solution  were  effective  in  reducing  MV  adsorption. 

Rusling  el  at.  (60)  have  reported  results  at  basal  pyrolytio  graphite  (PG), 
coated  by  covalent  attachment  ofoctadecylsilyl  (ODS)  which  was  self-assembled 
with  Ks  hydrophobic  group  extending  in  a surfactant  solution  of  sodium  dodecyl 
sulfate  (SOS)  or  cetylthmethyl  ammonium  bromide  (CTAB).  Their  results 
suggested  formation  of  a lipid-bilayer  assembly  resulting  from  hydrophobic 
interactions  between  surfactant  tail  groups  and  the  OOS  Him.  This  bilayer  film 
was  capable  of  interacting  elsctrostatically  and  hydrophobically  with  analytes 
(60).  They  obsenred  improvement  in  signal  to  noise  (S/N)  and  better 
reproducibility  at  ODS-surfaciant  modified  PG  over  bare  BPG.  This  improvement 
was  observed  if  surfactant-probe  (electrostatic)  interactions  were  favorable  such 
as  for  ferricyanide  In  CTAB  solutons.  For  a hydrophobic  probe,  ferrocene, 
interactions  were  favorabie  in  SOS  and  CTAB  solutions  despite  the  positive 
charge  of  this  probe.  This  Is  consistent  with  ferrocene  remaining  primarily  in  the 
core  of  the  micelle  and,  therefore,  is  little  affected  by  electrostatic  effects.  On  the 
other  hand  for  hydrophilic  probes,  if  surfactant  and  probe  had  the  same  charge, 
a significant  inhibition  of  charge  transfer  was  found.  They  attributed  changes  In 
reversibility  of  the  redox  couples  to  double  layer  effects  including  changes  In 
surface  concentration  of  the  reactants  as  a result  of  adsorption  of  surfactams  at 
the  ODS  ffm  with  head  groups  facing  solution. 

Because  many  biological  processes  Involve  electron  transfer  through  a 
membrane  much  wopt  has  been  devoted  to  the  study  of  similar  processes  at 
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membrane-solution  Interfaces.  HrII  at  al.  used  surfactants  to  form  membrane-like 
assemblies  at  6PG  to  analyze  protein  response  (8f).  In  serteral,  protein 
response  at  unmodified  BPG  Is  poor  as  a result  of  the  lack  of  activity  of  this 
surface.  In  addition,  this  is  a hydrophobic  surface  poisoned  by  irreversible 
protein  adsorption.  In  an  attempt  to  improve  response  for  cytochrome  o Hill  et 
aJ.  modified  BPG  by  self  assembling  SOS  onto  to  the  surface  (61).  Although,  this 
modification  enhanced  response  for  cyt  c at  BPG,  problems  with  decrease  in 
signal  with  scan  number  indicated  irreversible  protein  adsorption  still  existed 
resulbng  in  surface  fouling. 

Exploitation  of  the  membrane-like  properties  of  surfactants  has  been 
previously  done  in  our  lab  for  the  analysis  of  small  biological  molecules  such  as 
catecholamines  (76).  Unlike  the  previous  work  by  others,  where  permanent 
modrlicetion  of  the  surface  was  done  and  surfactants  did  not  remain  in  solution 
during  analysis,  in  this  work,  surfactants  were  kept  in  solution  during  analysis  and 
were  not  preadsorbed  prior  to  exposure  to  analyte  solution.  This  strategy,  relied 
on  direct  adsorption  of  surfactant  from  the  analyte  solution  as  a result  of  the 
surface  active  properties  of  surfactants.  In  addition,  the  presence  of  surfactants 
in  solution  resulted  in  a continuous  exchange  between  surfactant  at  the  surface 
and  in  solution  which  created  a dynamic  assemOly  at  the  surface  providing  a 
continuously  renewed  surface  free  of  memory  effects.  Unlike  permanent 
modifications  such  as  PME,  SAM  and  LB  methods,  dynamic  surface  modification 
facilitates  probe-surface  access  without  significantly  decreasing  electron  transfer 


kinetics. 


This  modification  strategy  was  found  to  improve  response  for  inactive  3C, 
primarily  for  anionic  catecholamines  which  exhibit  poor  response  at  this  surface 
(76).  In  addition,  surfactant-modificadon  also  improved  the  reusability  of  RPG 
which  Is  otherwise  easily  fouled  by  catecholamine  adsorption  and  surface 
changes  during  analysis  (76).  The  conclusion  of  this  work  is  that  surfactant- 
modiPeation  of  graphite  based  on  dynamic  modification  is  an  effective  method 
for  controlling  and  optimizing  electrochemical  response  of  biological  molecules. 


CHAPTER  2 

EXPERtMENTAL  SECTION 


2.11  ProPes 

3.4-Oihydroxyphenyl-acetic  add  (DOPAC),  3-Pydroxytyramine  (dopamine, 
DA)  were  the  two  proOes  investigated  at  graphite  electrodes  In  surfactant  media 
In  the  study  of  surfactant  assembly  at  graphite  surfaces.  These  probes  have 
considerable  biological  signifcance.  DA  is  a centra  nervous  system 
neurotransmitter  and  OOPAC  Its  metabolite.  Due  to  their  smai  size  problems  In 
aectrochemica  analysis  usuaiy  encountered  with  larger  blologica  molecules 
such  as  buried  redox  centers  and  slow  diffusion  coelficients  could  be  avoided. 
These  proOes  were  chosen  primarily  because  of  their  charge  where  DOPAC 
(pKa'si  4.22.  S.58,  and  12.15  (82))  Is  negatvely  charged  and  DA  (pKaS.92  (83)) 
is  positively  charged  (Figure  B)  at  or  above  pH  7.  Both  probes  exhibit  similar 
oxidation  potential  with  a half-wave  potential  (E,;,)  dependent  on  pH  and  ca. 
0.150  V vs  SCE  at  pH  7 (34).  The  oxidation  of  DOPAC  and  DA  involves  a two 
electron/two  proton  reaction  (34).  The  diffusion  coefficients  is  6.0  x lO*  om®/s  for 
DA  and  5.9  x 10'*  cm*/s  for  DOPAC  (85). 

Graphite  surface  modification  with  surfactants  for  electrochemical  detection 
of  proteins  was  tested  with  a redox  protein,  horsehsan  cytochrome  o (cyt  c). 
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Rgure  8.  Tha  Slructura  of  DOPAC  and  DA  at  pH  7. 
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Cytcisawell  stLidied  protein  found  in  tne  cell  mitochondria  In  the  rrritochondria 
it  Is  involved  in  a one  electron  transfer  reaction,  in  native  form  cyt  c in  the 
oxidized  form  (Fe”).  The  formal  potential  (£“')  for  the  reduction  of  native  cyt  c 
depends  on  the  redox  partner  involved  in  the  reaction.  For  example  following  the 
reduction  of  cyt  c (Fe")  Dy  cyt  c reductase  a E*'  of  -0.030  V vs  SCE  is  observed 
(86).  While  a E°'  of  0.010  vs  SCE  is  reported  for  native  solution  free  cyt  c (2). 
It  has  a molecular  weight  of  12,000  daltons  with  dimensions  of  25  x 25  x 35  A 
and  a known  diffusion  coefficient  in  water  of  5 x 10'  cmVs  (2).  It  is  a hydrophilic 
protein  with  a net  positive  charge  at  heutrtU  pH  or  higher  (Isoelectric  point  = 10) 
due  to  the  presence  of  lysine  groups  around  the  heme  edge.  The  prosthetc 
heme  group  and  the  positive  lysine  residues  surrounding  this  group  are 
Illustrated  In  Figure  9.  The  rest  of  the  other  amino  acids  are  Illustrated  In  blue. 
From  this  figure,  the  sides  corresponding  to  35  and  25  A are  also  specified.  All 
probes  were  purchased  at  Sigma  Chemical  Co. 

2.12  Surfactants 

The  aliphatic  surfactanu  used  to  modify  graphite  were  chosen  on  the  basis 
of  charge  and  hydrophobictty.  Hgure  10  shows  the  structure  for  the  surfactants 
investigated:  12  carbon  chain  length  sodium  dodecyl  sulfate  (SDS)  (Rsher 
Scientific  Co.),  14  carbon  chain  length  tetradecyltrimethyl  ammonium  bromide 
(TTAB),  12  carbon  chain  length  Oodecyl-trimethyl  ammonium  bromide  (DTAB) 
and  16  carbon  chain  length  hexaOecyttrl-methyl  ammonium  bromide  (CTAB) 
(Sigma  Chemical  Co.).  Deoxychollc  Acid  (DCA)  (Sigma  Chemical  Co.)  was  the 


Space  Riling  Representation  of  Cytochrome  c.  The  prosthetio 
heme  groups  is  highlighted  in  red  and  the  surrounding  positiva 
lysine  groups  are  highlighted  in  green.  The  remaining  amino 
acids  are  highlighted  in  blue.  Molecular  dimension  along  the  y 
axis  is  35  A and  along  the  x axis  is  25  A. 


Rgure  10.  Structure  of  Ionic  Aliphatic  Surfactants:  (A)  SDS',  (B)  CTAB. 
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bile  surfactant  chosen  for  analysis  of  the  redox  protein  cyt  c.  Its  structure  was 
Shown  earlier  in  Rgure  7 (a). 

2.13  Solution  Condlllohs 

All  chemicals  were  used  as  received  except  for  cyt  o which  was  purified 
prior  to  ahalysis.  Solutions  were  prepared  daily  In  doubly  distilled,  delohized 
water.  All  experiments  were  run  at  room  temperature  at  ca  25  ’C.  Ionic  strength 
was  adjusted  wnth  sodium  phosphate  monobasic  and  dibasic  which  were 
obtained  from  Mallinckrodt.  Phosphate  buffer  concentrations  for  catechclamine 
analysis  were  kept  between  0.05  and  0.50  M at  a pH  of  7.  Solution  pH  was 
measured  using  a Corning  pH  Meter  130.  Charge  screening  effects  of  multiply 
charged  cations  were  investigated  with  5 mM  magnesium  chloride  (MgCI,). 
Catecholamine  concentrations  ranged  between  0.05  and  S mM.  Aliphatic 
surfactant  concentrations  were  kept  above  cmc.  Anionic  surfactant  SDS 
(aggregaton  number  62,  cmc  = 2.25  mM  (5S))  solutions  were  10  mM  and 
cationic  surfactants  CTAB,  TTAB,  and  DTAB  (aggregation  numOers  78-72,  cmc 
- 1.3  mM  (59))  solutions  were  3 mM. 

Cyt  c concentrations  ranged  between  9 and  200  |iM  with  ionic  strength 
adjusted  with  phosphate  and  kept  between  to  and  lOOmM.  DCA  concentrations 
ranged  between  0.05  and  S mM  for  catecholamine  and  cyt  c analysis. 
Experiments  with  DCA  surfactants  were  conducted  at  pH  8 to  ensure  Ionization 
of  DCA.  The  original  soluton  pH  was  raised  from  7 to  8 with  NaOH  (Rsher 


Scientific  Co.). 
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2.2  Prolain  Purification  Proceflure 

Cyt  c purification  was  necassary  to  remove  impurities  such  as  17%  of  the 
deamidated  forms  and  the  5 % of  the  high  molecular  weight  polymeric  forms. 
A Whatman  caton  exchange  column  of  carboxyl  methyl  (CM-62)  cellulose 
described  by  Uargoliash  el  al  (67)  was  used.  In  order  to  get  maximum  yield  of 
native  cyt  o in  the  desired  oxidized  form,  cyt  c sample  was  oxidized  with  a five 
time  molar  excess  potassium  ferricyanide.  The  unpurified  cyt  c and  the 
terricyanide  solution  were  prepared  in  a 70  mM  phosphate  buffer  of  pH  7.2. 

The  column  had  an  i.d.  of  1.6  cm.  Resin  height  was  10  cm.  The  optimum  flow 
rale  was  from  0.3  to  0.4  ml/min  lor  a 50  mg  sample  of  cyt  c resulting  in  a total 
elution  volume  of  500  ml.  With  this  elution  volume  the  protein  polymeric  forms 
remained  on  the  column  and  were  removed  when  the  resin  was  regenerared  in 
O.SO  M NaOM  for  several  days.  Lower  fow  rates  significantly  extended  the 
elution  lime  while  faster  flow  rates  resulted  in  large  elution  volumes  without 
significantly  decreasing  retention  time. 

A 70  mU  phosphate  buffer  at  pH  7 was  used  as  an  eluent  providing  the 
fastest  elution  with  baseline  resolution.  At  higher  phosphate  concentratons 
separation  efficiency  was  sacrificed.  Furthermore,  problems  with  high  salt 
concentrations  in  the  final  sample  prevented  using  higher  Ionic  strength. 

The  separation  was  monitored  at  360  nm  where  cyt  c and  ferricyanide  ^sorb 
(87).  A chromatogram  with  5 peaks  of  ferrocyanide  ca.  50  ml,  3 deamidated 
forms  of  cyt  cat  150,  175  and  275  ml,  and  the  native  cylc  eluting  at  300  ml  was 


typically  obtained. 

The  native  cyt  c was  coneeniraied  by  Freeze  Drying  (Labconco  Freeze 
Dryer  8)  but  the  resulting  samples  haO  a high  Ionic  strength.  In  order  to 
decrease  the  ionic  strength,  desalting  was  necessary.  This  was  done  by 
ultracentrifugation  using  membranes  with  a molecular  weight  cutoff  of  10,000 
Daltons  (Centricell  20,  Polysciences,  Inc)  at  a rotation  speed  of  2000  rpm.  The 
sample  on  the  membrane  was  rinsed  several  times  with  deionized  water  to 
remove  as  much  salt  as  possible.  The  final  liltrae  was  analyzed  tor  phosphate 
content  with  0.10  M ammonium  molybdate  in  S M sulfuric  acid.  The  typical 
phosphate  concentrations  in  the  final  native  cyt  c solution  were  between  1 0 and 
100  mM. 

An  alternative  approach  was  the  ultracentrifugation  of  the  purified  sample 
allowing  simultaneous  desalting  and  concentrating  of  the  cyt  c sample. 
Phosphate  concentrations  by  this  method  were  calculated  to  be  approximately 
35  mM. 

The  sample  remaining  on  the  membrane  was  dissolved  In  doubly  distilled 
deionized  water  to  give  final  cyt  c concentrations  between  30  and  200  pM. 
These  were  determined  by  UV  analysis  at  550  nm  using  s = 21,100  (87)  for  the 
iron-sulfur  chromophore.  Rhodamine  D (A„,„  = 550  nm,a  = 72,443)  was  used 
as  a standard  In  absorbance  calibration. 


2.3  Elearoehemieal  Adds 


2.31  Elacirode  Preoaration 

Rough  pyrolytic  graphite  (RPG)  and  glassy  carbon  (GC)  electrodes 
(Becirosynthesis)  were  constructed  by  sealing  a ca.  0.05  cm*  piece  of  RPG  or 
a ca.  3 mm  diameter  rod  of  QC  In  glass  tubing  with  epoxy  (Hysol  Aerospace  and 
Industrial  Products  Division).  RPG  electrodes  were  resurfaced  on  600-grit  silicon 
carbide  paper  (Mark  V Laboratory)  using  the  Buehlsr  Ecomet  I Polisher-Grinder 
and  rinsed  with  deionlzed-distilled  water.  GC  electrodes  were  polished  Imfially 
on  600-gm  silicon  carbide  paper  and  then  polished  on  an  alpha  a polishing  cloth 
(Mark  V Laboratory)  with  gamma  alumina  suspensions  of  particle  sizes  ca.  0.1 
vM  (Gamal,  Rsher  Scientific  Co.)  using  a Buehler  Ecomet  I Polisher-Grinder.  The 
electrodes  were  resurfaced  prior  to  each  measurement. 

Carbon  fiber  electrodes  where  glued  to  a copper  wire  with  silver  expoxy 
(EPO-TEK  410  E,  Epoxy  Technology  Inc.)  A carbon  fiber  with  the  connection  to 
copper  wire  was  placed  In  a glass  c^illary  and  sealed  with  epoxy  (Hysol 
Aerospace  and  IndusMal  Products  Division).  After  the  electrode  was  made  the 
tip  of  the  electrode  was  cut  with  a scalpel.  The  elecdode  was  polished  on  an 
alpha  a polishing  cloth  (Mark  V Laboratory)  with  gamma  alumina  suspensions  of 
part'cle  sizes  finer  than  0.1  iiM  (Gamal,  Fisher  Scientific  Co.)  using  a Buehler 
Ecomet  I Polisher-Grinder.  The  electrode  was  resurfaced  prior  to  each 


measurement. 


2.32  Electrochemical  Methods 


The  electrode  areas  as  well  for  the  convenliortal  size  electrodes  were 
determined  using  chronocoulometry  with  a Sioanalytical  Systems  electrochemical 
analyzer,  BAS  100  and  the  data  were  downloaded  to  an  IBM  PS/2  Model  50 
computer.  A conventional  three-electrode  set  up  was  employed,  with  a SC  or 
RPG  working  electrode,  a O.S  cm  square  platinum  ribbon  auxiliary  electrode 
(Sargent),  and  a saturated  calomel  (SCE)  reference  electrode.  All  potentials  are 
reported  at  room  temperature  versus  SCE.  Electrode  areas  were  determined  in 
solutions  of  4.0  mM  potasium  ferricyanida,  KjFe(CN),  (Fisher  Scientific  Co.),  in 
1.0  mM  potassium  chloride  (Rsher  Scientific  Co.)  with  diffusion  coefficient  of  D, 
= 7.63  X 10*  cm*/s  (86).  Solutons  ware  deaerated  for  at  least  15  minutes  with 
nitrogen.  The  potential  window  was  stepped  from  0.400  to  0.0  V vs  SCE  at  a 
pulse  width  of  250  ms.  Immediately  after  placing  GC  and  RPG  in  salubon 
measurements  were  taken.  The  electrode  areas  were  determined  to  be  0.050  ± 

The  eJectrode  radii  of  the  carbon  fiber  disk  electrodes  were  determined 
with  the  same  solution  of  K,Fe(CN),  in  1.0  mM  KCI  using  cyclic  voltammetry  (CV) 
experiments  with  a potential  window  of  0.400  to  0.0  V vs  SCE  at  a scan  rate  of 
0.100  Vs'V  For  the  ultramicroelectrodes  a two  electrode  set  was  used  with 
carbon  fiber  as  the  working  electrode  and  SCE  as  the  reference.  The  electrode 
radii  calculated  were  between  2.7  ± 0.7  and  3.1  s 0.2  iim. 

At  conventional  size  electrodes  CV  experiments  were  conducted  at  scan 
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rstss  (v)  between  0.010  and  0.100  Vs  ' to  measure  peak  currents  (IpJ  and  anodic 
to  cathodic  peak  separations  which  is  the  difference  between  anodic  peak 
potential  (E,J  and  cathodic  peak  potential  (Ep,).  The  potential  window  used  for 
catecholamine  analysis  was  0.0  to  0.400  V and  for  protein  oyt  c analysis  was 
0.100  to -0.200  V vs  SCE. 

To  investigate  adsorption  at  the  surface  CV  experiments  were  also 
conducted  at  v ranging  from  10-1000  mVs  ' to  measure  ip  as  a function  of  v.  Cyt 
c surface  coverage  (r,  mol/cm‘)  was  determined  from  areas  under  a CV  curve 
for  a 23  cyt  c in  0.25  mM  OCA  solution  at  DCA-modified  GC.  In  experiments 
with  cyt  c background  currents  were  determined  from  the  CV  measured  currents 
in  the  presence  of  cyt  c. 

2.4  Fundamentais  of  Eiectroehemical  Methods 
2.41  Electrochemicai  Response  at  Conventional  Size  Electrodes 

Measurements  of  ^Ep  values  can  be  used  to  determine  if  the  process 
controlling  heterogeneous  electron  transfer  Involves  adsorption  or  diffusion.  In 
addition  the  reversibility  of  those  processes  can  be  determined.  The  theoretcal 
^ value  for  a diffusion  oontrolled  reversible  heterogeneous  electron  transfer  is 
0.059/n  (V),  where  n Is  the  number  of  electrons  transferred  per  mole  while  ^ 
for  an  adsorption  reversible  process  is  0.0  V (12).  Larger  AE,,  greater  than 
0.059/n  V for  a diffusion  process  and  greater  than  0.0  V for  an  adsorption 
process,  indicate  electron  transfer  kinetics  are  slow  (e.g.,  quasireversible  or 
irreversible). 
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In  the  analysis  ot  catecholamines  a ^ value  of  0.030  V comesponds  to 
a reversible  diffusiort  controlled  system  since  these  probes  undergo  a 2e/2H' 
oxidaton  (9,15.84).  In  the  analysis  of  redox  protein,  cyt  c,  which  undergoes  a1e 
reduction  a AE,  value  of  0.059  V is  expected  lor  a diffusion  controlled  reversible 
process. 

Slope  values  for  plots  of  log  of  CV  peak  currents  vs  log  v can  be  used 
to  investigate  probe  adsorption.  The  theorelica  I,  vaue  lor  a diffusion  controlled 
reversible  system  can  be  caculated  from  the  equaton  below: 


I = (2.69  X lO'jn^/lo’v’c; 


(10) 


and  for  an  Irreversible  diffusion  controlled  system  from: 

= (2.99  X 10V(onJMC;D/»^ 

where  n is  the  number  of  electrons  per  mole  oxidized  or  reduced,  A is  the 
electrode  area  (cm*),  0,  is  the  diffusion  coefficient  (cm’/s),  v is  the  scan  rate 
defined  earlier  (V/s],  C,‘  is  the  bulk  concentration  of  the  electroactive  probe 
(mol/cm^),  a Is  the  transfer  coefficient,  and  n,  is  the  number  of  electrons  involved 
In  the  rate  determining  step. 

For  an  adsorption  controlled  process  the  theoretical  I,  values  for  a 
reversible  and  irreversible  system  are  described  below 


V.  For  a reversible  system 


(12) 
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where  T,  is  the  surface  excess  of  the  electroactive  spedes  (mol/cm’),  F is 
Faraday  constant  (96,4346  C/equiv),  R is  the  ideal  gas  constant  (8.31441 
J/Krrol),  and  T is  the  absolute  temperature  (K).  From  equations  10-13,  plots  of 
log  i,  vs  log  v should  be  linear  and  have  slope  values  0.6  for  diffusion  (I,  « v’'’) 
and  1.0  for  adsorption  (i,  « v)  independent  of  electrochemical  kinetics. 

From  the  above  equations  for  diffusion  limited  processes  (eqs  10  and  11), 

for  adsorption  process  (eqs  12  and  13)  can  be  used  to  determine  surface 
coverage.  OE,  values  can  be  used  to  determlna  changes  of  electron  transfer 
kinetics  which  reflect  changes  In  probe-surface  distance  where  an  increase  In 
is  consistent  with  an  increase  in  probe-surface  distance. 

2.42  Electrochemical  Response  at  Ulffamieroelectrodes 

When  the  electrode  size  is  decreased  to  the  micrometer  scale,  many 
changes  occur  In  the  voltammetric  behavior.  Thesa  changes  can  lead  to 
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several  types  of  experiments  that  were  previously  impossible.  The  major  areas 
of  improvements  include  increased  temporal  resolution,  decreased  sansitivity  to 
the  effects  of  solution  resistance,  and  the  ability  to  make  spatially  resolved 
chemical  measurements  (S9.90). 

The  diffusion  layer  is  the  region  adjacent  to  the  electrode  in  which  the 
chemical  composition  is  altered  by  the  electrolysis  process.  Mass  transport 
through  this  region  is  one  of  the  factors  determining  the  shape  of  the 
voltammogram  and  the  magnitude  of  laradaic  current.  The  exact  form  of  the 
current  depends  on  the  geometry  of  the  electrode.  However,  certain 
generalizations  can  be  made  At  values  of  DVrJ  greater  than  one.  where  D is  the 
diffusion  coefficient  (cmVs)  of  the  electroactive  species,  t is  the  electrolysis  time 
(s)  and  r,  is  the  electrode  radius  (cm)  the  dimensions  of  the  double  layer  are 
greater  than  of  the  electrode  and  radial  diffusion  mass  transport  is  observed.  This 
leads  to  a sigmoidally  shaped  CV  where  at  conventional  size  electrode  a peak 
shaped  CV  is  observed  due  to  linear  diffusion  (90). 

At  higher  v (>  0.500  Vs'')  when  the  value  of  Dt/r,*  Is  less  than  one,  the 
dimensions  of  the  double  layer  are  less  than  of  the  electrode  and  response  has 
a peak  shape  due  to  linear  diffusion  mass  frartsport  similar  to  that  observed  at 
conventional  size  electrodes.  However,  the  experiments  conducted  here  in  the 
analysis  of  catecholamines  were  conducted  at  v less  than  0.100  Vs  ' to  ensure 
sigmoidal  response  (radial  diffusion  mass  transport)  (90).  Under  these  conditions 


theoretical  limling  current  (i,)  for  an  ultramicro 


electroCe 


I,  = 4nFDCf„  (U) 

where  all  terms  have  been  previously  defined  (09,90).  The  i|{eq  14)  at  a disk 
electrode  under  radial  diffusion  conditions  Is  independent  of  v,  and,  therefore, 
independent  of  electron  transfer  kinetics.  However,  the  plateau  potential  (EJ,  the 
potential  where  I, Is  reached  and  response  plateaus  can  be  used  as  a measure 
of  difficulty  or  ease  of  electron  transfer.  For  example,  for  an  oxidation  process 
an  increase  In  E,  to  more  positive  potentials  is  consistent  with  an  Increased 
difficulty  of  electron  transfer.  In  addition.  In  Ute  case  of  very  slow  kinetics,  steady 
state  response  is  not  reached  and  not  well  defined  plateau  of  current  is  observed. 


CHAPTER  3 

SURFACE  MODEL  FOR  IONIC  ALIPHATIC  SURFACTANT  ASSEMBLY  AT 
GRAPHITE 

The  locus  of  this  chapter  is  the  invesfigalion  of  aliphatic  surfactant 
assembly  at  graphite  In  analysis  of  catecholamines  and  the  development  of  a 
surface  model  for  ionic  aliphatic  surfactant  assembly  at  two  graphite  surfaces, 
RPG  and  GC.  The  model  was  developed  using  surfactants  of  different  charge 
and  carbon  chain  length  such  as  cationic  ammonium  bromide  surfactants  of  12, 
14.  and  16  caition  chain  lengths  and  12  carbon  chain  length  anionic  sodium 
dodecyl  sulfate  (SDS),  to  distinguish  between  the  Importance  of  electrostatic  and 
hydrophobic  effects  onsurfactant  assembly  at  graphite  In  the  response  of  surface 
active  catecholamines.  The  model  was  tested  with  ionic  catecholamines,  3,4- 
dihydroxyphenyi-acatic  acid  (OOPAC)  and  3-hydroxytyramine  (OA),  The 
feasibility  of  forming  surfactant  aggregates  at  these  surfaces  directiyfrom  solution 
without  the  need  lor  permanent  surface  modification  will  be  demonstrated.  This 
dynamic  assembly  will  prove  to  be  effective  in  reducing  surface  changes  while 
not  hindering  electron  transfer.  Furthermore,  these  results  will  indicate  that 
electrostatic  effects  are  more  important  lor  surfactant  assembly  at  GC  than  at 
RPG  where  hydrophobic  effects  are  mors  Important. 

Structural  differences  between  RPG  and  GC  result  in  the  different  effects 
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of  surfactants  on  probe  response.  In  order  to  optimize  response  at  graphite,  the 
surfactant,  the  nature  of  the  probe  and  the  surface  structure  must  all  be 
considered.  It  will  be  shown  that  aggregates  of  ionic  surfactant  at  the  graphite 
electrodes  allow  the  control  and  optimization  of  response  of  these  surfaces  by 
providing  a favorable  environment  for  biological  molecules  such  as 
catecholamines.  Furthermore,  in  surfactant  solutions  improvements  in  the 
sensitivity  of  inactive  GC  and  in  the  reproducibility  of  active  RPG  will 
demonstrated. 

To  characterize  the  response  of  the  probes  in  the  absence  of  surfactant 
modification,  the  electrochemical  response  of  DA  and  DOPAC  at  GC  and  RPG 
was  investigated  first.  The  electrochemical  behavior  of  tiiese  probes,  as  well  as 
surfactant  effect  on  probe  response  at  GC  and  RPG  are  discussed  in  detail 

3.1  Results  and  Discussion  for  Rare  Surfaces 
3.11  CalecholaminB-GC  Interactions 

Electrochemical  kinetics  of  anlomc  DOPAC  and  cationic  DA  are  both  slow 
at  GC  (14,76).  The  slow  kinetics  are  apparent  in  cyclic  vollammetry  (CV) 
experiments  from  the  large  differences  between  anodic  and  cathodic  peak 
potentials  (iEp)  which  are  shown  in  Table  2.  AE„  values  of  ca.  30  mV  are 
expected  for  a fast  two-electron  (reversible)  couple  (12).  Under  the  expenmental 
conditions  of  Table  2,  peak  currents  (I^  for  DOPAC  and  DA  are  expected  to  be 
equal  and  can  be  easily  predicted  from  the  equation  for  CV  currents  for 
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Table  2.  CATECHOLAMINE  RESPONSE  AT  BARE  AND  SURFACTANT- 
MODIRED  GC 


CV  experiments  conducted  at  a v of  0.100  Vs  '. 

Oxidation  peak  currents  normalized  over  electrode  area  of  0.06  cm‘  and 
0.5  mM  probe  concentration. 

Tfieoreticat  peak  currents  for  a two  electron  diffusion  controlled  irreversible 
system  caculated  using  eguabon  11  nprmaized  over  electrode  area  and 
probe  concentraion  as  in 

Slopes  for  CV  plots  of  log  l„  vs  log  u with  correlabon  coefficient  of  0.9S- 
1.00.  V ranged  between  0.010  and  1.0  Vs  '. 


system  {12).  Tlie  experimental  and  theoretical  I, 


for  DOPAC  and  DA  calculated  using  equation  1 1 are  listed  in  Table  2.  The  results 
show  that  ij  for  DA  Is  larger  than  predicted  indicating  that  seme  preconcantration 
at  the  surface  may  In  tact  be  occurring.  The  i„  values  for  DOPAC  are  significantly 
lower  than  predicted,  suggesting  lower  concentration  at  the  surface.  Cationic 
preconcentralion  effects  have  been  previously  reported  in  other  studies  of 
catechols  at  inactive  GC  (14-16). 

Electrostatic  interactions  may  be  responsible  tor  these  results,  although 
surface  interactions  of  DA  are  not  detected  from  slopes  of  log  i„  vs  tog  scan  rale 
(v)  plots  listed  in  Table  2.  For  adsorbing  species  theoretical  slope  values  of  ca. 
1.0  are  expected  (12).  The  slope  values  of  the  plots  of  log  I,  vs  log  v listed  in 
Table  2 are  below  0.5,  the  theoretical  value  for  diffusion  controlled  process  (12). 
Slope  values  below  0.5  may  indicate  some  hindrance  or  partial  blocking  of 
electrodes,  where  the  electroactive  area  of  the  electrode  is  not  the  same  as  the 
oalculated  geometric  area  (72).  it  has  been  reported  that  when  hydrophobic 
interactions  at  GC  are  strong,  adsorption  Is  detected  (52).  Furthermore, 
hydrophobio  Interactions,  have  been  reported  to  dominate  over  electrostatic 
when  both  are  present  (52).  The  results  indicate  that  hydrophobic  Interactions 
of  DA  and  DOPAC  must  not  be  strong  at  GC  since  no  adsorption  was  evident 
from  slopes  of  plots  of  log  i,  vs  log  v.  The  importance  of  electrostatic 
interactions  for  catecholamine  response  at  GC  is  evident  from  these  results. 
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3.12  Calecholamine-RPG  Inieraaions 

Adsorption  of  DOPAC  and  DA  at  HPG  has  Been  reported  to  occur 
irreversibly  causing  problems  with  reproducibility  (7S).  AE,  values  listed  in  Table 
3 at  PPG  in  buffer  are  less  than  30  mV  which  is  the  theoretical  value  for  a 
diffusion  controlled  two  electron  process  (eq  10]  (12).  The  slope  values  In  Table 
3 of  log  I,  vs  log  v plots  are  greater  than  0.5  (expected  for  a diffusion  controlled 
process)  (12).  These  results  provide  supporting  evidence  for  DOPAC  and  DA 
adsorption  at  PPG.  The  interactions  involved  In  adsorption  of  DOPAC  and  DA 
at  PPG  are  not  totally  clear.  However,  If  electrostatic  effects  were  controlling 
adsorption  of  DA  and  DOPAC,  negatively  charged  DOPAC  should  not  adsorb  at 
PPG  due  to  a high  density  of  surface  oxides  which  gives  a greater  negative 
charge  at  this  surface  than  at  GO.  The  results  in  Table  3,  however,  indicate 
adsorption  of  DOPAC  on  PPG. 

In  view  of  similar  AE,  values  for  DOPAC  and  DA  listed  In  Ts^le  3,  which 
indicate  that  their  kinetics  at  RPG  are  similar,  the  currents  for  both  probes  should 
be  similar.  However,  1^  of  DA  at  RPG  is  significantly  larger  than  of  DOPAC. 
This  indicates  higher  concentration  of  DA  at  the  surface.  Since  positively 
charged  DA  can  be  expected  to  electrostatically  Interact  with  the  oxide  rich 
surface,  negatively  charged  DOPAC-surtace  interactions  must  in  fact  be  less 
favored.  From  the  results  It  Is  clear,  however,  that  in  addition  to  electrostatic 
effects,  other  surface  features  such  as  roughness  and  lattice  orientation  must 
contribute  to  the  observed  high  surface  concentration  of  DOPAC.  Since  RPG  is 
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SuHer  solutiwis  prepared  witn  0.5  rrU  probe  and  0.5  M pH  7 phosphate 
buffer  surfactant  solutions  were  prepared  as  buffer  solutions  with 
3 mM  cationic  surfactants  and  10  mM  anionic  surfactants. 


CV  experiments  ran  at  a v of  0.100  Vs  ', 

Oxidation  peak  currents  normalized  over  electrode  area  of  0.05  cm‘  and 
0.5  mM  probe  concentration. 

Slopes  for  CV  plots  of  log  i„  vs  log  v with  correlation  coefficient  of  0.98- 
1.00.  V ranged  between  0.010  and  1.0  Vs'. 
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more  hyflrophilic  than  GC,  hydrophobic  effects  by  themselves  can  not  account 
for  the  observed  adsorption. 

3.2  Results  and  Discussion  for  Surfactant-ModiPerj  Riirlarag 
3.21  Surfactant  Effect  on  Catecholamine  Response  at  GC 

Anionic  SDS  and  cationic  DTAB,  the  surfactants  used  in  this  work,  both 
have  12-carbon  chain  lengths  and  singly  charged  head  groups.  The  electroactive 
probes  used  in  testing  surfactant  interactions  at  GC  were  again  CX3PAC  and  DA 
are  negatively  and  positively  charged,  respectively,  at  pH  7.  Botn  probes  also 
have  some  degree  of  hydrophobicrty.  Table  2 lists  i^  and  C£,  values  from  CV 
experiments.  As  shown  in  Table  2,  i,  values  for  DOPAC  In  the  presence  of  DTAB 
are  much  greater  than  predicted  for  an  electrochemically  irreversible  probe  (eq 
11)  and,  therefore,  much  greater  than  the  ip  values  at  Oars  GC.  in  addition,  the 
AEp  value  for  DOPAC  decreases  following  DTAB  addition.  The  results  point  to 
the  presence  of  DTAB  in  solution  and  at  the  surface  favoring  DOPAC  response 
at  GC.  Table  2 also  lists  ip  and  AE,  values  for  DA  in  the  presence  of  SDS.  No 
signifcant  affect  on  DA  response  was  observed  following  SDS  addition. 

In  order  to  verify  that  SDS  assembles  at  GC.  it  was  necessary  to 
Investigate  the  response  of  anionic  DOPAC  since  DA  response  was  not 
significantly  affected  in  SDS  solutions,  in  SDS  solutions,  Ip  values  measured  lor 
DOPAC  are  in  fact  Pelow  the  theoretical  and  experimental  values  at  bare  GC 
(Table  2).  in  addition.  AE,  values  increase  significantly  indicating  an  increase  in 
probe-surface  distance.  The  inability  of  DOPAC  in  SOS  surfactant  solutions  to 


access  GC  and  the  increase  of  anionic  charge  near  the  surface  is  evident  from 
the  irtcreased  electrode  hindrance  observed  for  DOPAC. 

Previous  work  with  surfactants  in  a Langmuir-Blodgett  trough  provides 
evidence  of  decreased  rates  of  electron  transfer  following  increasing  aggregate 
thickness  which  is  attributed  to  greater  electrode  hindrance  (72).  The  effect  of 
increasing  carbon  chain  length  on  the  electrochemical  response  of  GC,  however, 
supports  a somewhat  different  model  for  the  effect  of  surfactants  on  graphite 
electrode  response.  Increasing  carbon  chain  length  of  the  cationic  surfactant  from 
12  (DTAB),  to  14  (TTAB)  and  finally  18  carbons  (CTAS)  results  in  further 
improvement  in  kinetics  of  DOPAC  as  is  clear  from  the  decrease  In  values 
seen  in  Table  2 which  occurs  without  further  change  In  i„.  increasing  carbon 
chain  length  of  the  surfactant  should  increase  the  stability  of  the  surfactant  layer. 
As  a result,  hydrophobic  interactions  between  packed  surfactant  hydrocarbon 
chains  can  result  in  more  efficient  self  interactions  and  interactions  with  DOPAC 
blowing  it  better  (closer)  access  to  GC  (72).  Clearly,  hydrophobic  as  well  as 
Bleciroslalic  interactions  must  be  contributing  to  the  response.  Unlike  what  has 
beeh  previously  reported  tor  other  surfaces  where  the  surfactant  hindered  the 
response  of  electroactive  probes,  the  presence  of  cationic  surfactant  at  GC  has 
rendered  the  surface  more  active  for  otherwise  non-adsorbing  anionic  DOPAC. 

Furthermore,  even  though  anionic  SOS  does  not  alter  the  sensitivity  of  the 
response  for  DA  at  GC.  It  does  increase  the  reproducibility  of  AE,  measurements 
and  significantly  decreases  DOPAC  response.  Together  the  results  indicate  that 
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both  anionic  anO  cationic  surfactants  affect  the  response  of  GC.  However,  only 
cationic  surfactants  improve  the  response  ano  the  response  enhancement  is 
most  significant  with  the  longer  carbon  chain  length  surfactant,  CTAB. 

3.22  Surfactant  Effect  on  Catecholamine  Response  at  RPG 

When  electroactive  probes  adsorb  at  the  electrode  surfaces,  slower  rates 
of  electron  transfer  and  lower  currants  are  observed  following  surfactant  addition. 
The  decrease  in  response  has  been  attributed  to  electrode  hindrance  caused  by 
the  adsorbed  surfactant  layer.  OOPAC  and  DA  both  adsorb  at  RPG  and. 
therefore,  the  addition  of  surfactant  to  solutons  containing  these  probes  was 
expected  to  result  in  lower  response  because  the  surfactant  was  expected  to  limit 

Table  3 shows  i,  and  AE„  values  tor  DOPAC  and  DA  in  surfactant  solutions 
at  RPG.  The  addition  of  surfactants  to  solutions  of  these  probes  results  In  a 
small  increase  in  AE„.  No  change  in  peak  currents  for  OOPAC  Is  observed  in  the 
presence  of  12  and  l4,carbon  chain  length  cationic  surfactants  which  indicates 
that  concentration  of  DOPAC  at  the  surface  does  not  significantly  differ  from  that 
at  the  bare  RPG.  The  i,  decreases  when  the  16  carbon  rdiain  length  CTAB  is 
added.  In  CTAB  solutions  AE,  values  Increase  above  those  measured  In  shorter 
carbon  chain  length  cationic  surfactant  solutions  but  AE„  values  still  Indicate 
reasonably  fast  kinetics. 

The  AE,  values  In  cationic  surfactant  solutions  listed  In  Table  3 for  OOPAC 
are  representative  of  values  for  quasi-reversible  two  electron  system  in  the 
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absence  of  adsorpton.  At  RPG,  following  surfactant  addition  at  RPG,  s 
ca.  0.5  of  log  Ip  vs  log  V plots  provide  evidence  for  a decrease  In 
adsorption.  Trfis  together  with  ZtE,  values  indicates  that  the  surfactant  does  not 
significantly  change  the  probe  kinetics  and  that  the  increase  in  AEp  is  largely  due 
to  the  decrease  In  adsorption. 

For  DA  in  SDS  solutons,  AEp  along  with  slope  values  of  log  Ip  vs  log  v 
plots  in  Table  3 are  representative  of  values  for  a quasl-reversible  system  with  no 
adso^tion  and  are  comparable  in  magnitude  to  I,  and  i^Ep  values  lor  DOPAC  In 
CTAB  solutions.  The  observed  changes  toward  diffuslonai  processes  for  DA  at 
RPG  in  SDS  solutions  suggest  a decrease  in  probe-surface  interactions  without 
a slgnifcant  change  in  the  rate  of  electron  transfer. 

The  addition  of  surfactant  to  solutions  was  expected  to  alter  currents  and 
peak  potentials  at  RPG  only  if  the  surfactant  sufficiently  altered  the  surface  to 
prevent  proPe  interactions  with  the  surface.  It  Is  apparent  from  the  results  that 
anionic  and  long  chain  cationic  surfactants  do  limit  catecholamine  interactions 
with  RPG,  consequently  reducing  proPe  response.  The  cationic  surfactants, 
especially  of  the  short  chain  lengths  are,  however,  less  effective  in  changing  the 
response.  As  a result,  in  these  cationic  surfactant  solutions,  values  for 
DOPAC  are  representative  of  reasonably  fast  kinetics  and  the  ip  values  are  similar 
to  those  measured  at  the  bare  surface.  Whan  cationic  surfactant  carbon  chain 
length  is  increased  to  16  carbons  (CTA6).  a more  efficient  surface  blockage 
makes  the  area  effectively  smaller  and  increases  probe  distance  to  the  surface 


as  Is  evident 
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from  the  decrease  in  ip  and  an  increase  in  AE,  for  DOPAC.  This 
decrease  in  DOPAC  response  In  16  carbon  CTAB  is  similar  to  that  observed  for 
DA  in  12  carbon  SDS.  Similar  AEp  and  i,  values  in  Table  3 for  DOPAC/CTAB  and 
OAySDS  solutions  suggest  that  the  DA  distance  from  PPG  in  SOS  solutions  Is 
similar  to  that  of  DOPAC  in  CTAB  solutions.  Furthermore,  the  surface 
concentrations  of  each  probe  In  surfactant  solutions  (as  measured  by  i,  values) 
In  Tables  2 and  3 are  similar.  This  can  occur  if  SDS  does  not  access  the  surface 
efficiently  resulting  in  a probe-surface  distance  similar  to  that  observed  for  the 
longer  chain  cationic  surfactants  (CTAB). 

3.23  Analytical  Sionificance  of  the  Pesutts 

Surfactants  have  a different  effect  on  probe  response  at  GC  and  PPG  due 
to  the  different  surface  structure  and  probe-surface  interactions.  The  addition 
of  surfactants,  primarily  longer  carbon  chain  length  cationic  surfactants,  improves 
reproducibility  and  allows  PPG  to  be  reused  without  resurfacing.  This,  of  course, 
occurs  wiUt  some  sacrifice  in  sensitivity  due  to  the  elimination  of  probe 
adsorption.  The  relevant  results  are  summarized  In  Table  4. 

RepeirtvB  cycling  at  PPG  in  DOPAC  and  DA  solutions  In  the  absence  of 
surfactants  Is  followed  by  a decrease  in  I,,  as  shown  in  the  results  in  Table  4, 
indicatng  surface  changes  are  occurring.  The  results  tor  the  same 
measurements  conducted  In  solutions  containing  CTAB  (DOPAC)  and  SDS  (DA), 
also  listed  in  Table  4,  and  indicate  that  the  addition  of  surfactant  makes  the 
electrode  reusable  without  the  need  for  resurfacing,  although  i,  decreases  for 
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Oxidation  peak  currents  normalized  over  eiectrode  area  (0.05  cm‘]  and 
probe  concentration  (0.5  mM)  at  a v = 0.100  Vs  '. 

0.5  mM  probe  in  0.5  M pH  7 phosphate  buffer. 

As  in  * with  the  addition  of  3 mM  CTAB  and  10  mM  SDS,  respeotively. 
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both  DOPAC  and  OA  compared  to  the  values  measured  at  the  bare  surface. 

At  GC  the  Improvement  in  precision  is  not  obsen/ed  due  to  the  already 
good  reproducibility  of  current  measurements  at  the  bare  surface.  This  is  the 
case  since  the  probes  investigated  do  not  adsorb  at  this  surface  allowing  this 
electrode  to  be  reused  without  resurfacing.  However,  due  to  the  Importance  of 
electrostatic  Interactions  at  this  surface,  anionic  probes  do  not  access  this 
surface  effidently  and,  therefore,  exhibit  poor  response.  Rgure  11  quailatively 
demonstrates  the  improvement  in  CV  sensitivity  of  SC  in  the  presence  of  CTAB 
where  the  currents  of  DOPAC  increase  and  the  iBp  decreases  in  3 mM  CTAB 
solutions.  In  addition,  ttie  results  in  Table  5 demonstrate  the  increase  In  SC 
sensitivity  to  DOPAC  response  in  the  presence  of  CTAB.  Here,  i,  vauesforO.OSO 
mM  DOPAC  are  obsen/ed  In  the  presence  of  CTAB  where  at  the  bare  surface  no 
response  is  observed  for  such  DOPAC  concentrations. 

3.3  Surfactant  Self-Assembly  at  Braohile 
3.31  Surfactant-GC  Interactions 

At  GC,  electrostatic  interactions  with  the  surface  appear  to  be  most 
important  In  controlling  surfactant  assembly,  and,  therefore,  surfactants  are 
expected  to  adsorb  head  oh  at  the  surface  forming  a bilayer-like  structure  as 
shown  in  Rgure  12.  The  results  In  Tables  2 and  3 suggest  that  sudt  a bilayer- 
like  assembly  is  favored  for  cationic  surfactants  which  can  interact  more  favorably 
with  this  surface  and  is  not  favored  for  anionic  surfactants.  The  quality  of  cationic 
surfactant  assembly  at  GC  appears  to  Improve  with  increasing  carbon  chain 


CV  of  DOPAC  at  the  Bara  an<3  Surfactant-Modified  GC. 

V = 0.100  Vs',  0.50  mM  DOPAC  and  3 mM  CTAB 
phosphate  buffer  at  pH  7 with  an  electrode  area  of  0.06  cm’. 


I (uA) 


S4 


Table  5.  IMPROVEMENTS  IN  SENSITIVITY  AT 
SURFACTANT-MODIFIED  GC 


* Oxidation  peak  currents  for  0.50  M DOPAC  In  pH  7 
phosphate  buffer  measured  at  CV  u = 0.100  Vs  '. 

' Same  as  * with  the  addition  of  3 mM  CTAB. 


Figure  12.  Model  for  Cationic  Surfactant  (CTAB)  Assembly  at  GC. 
The  model  Is  for  visual  purposes  only. 
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- DOPAC ( - ) 


- CTAe ( + ) 


length  resulting  in  a more  compact  assembly  at  the  surface  which  favors 
partitioning  of  probes  with  hyOrophobic  moieties,  thus  decreasing  surface 
distances.  This  model  is  confirmed  by  the  improvement  in  DOPAC  response 
following  an  increase  in  surfactant  carbon  chain  length. 

DOPAC  in  anionic  surfactant  solutions  can  not  access  the  GC  surface 
closely  as  Is  evident  from  the  dramatic  decrease  in  DCPAC  response  in  SDS 
solulon  Indicating  probe  distance  to  GC  Is  significantly  Increased  in  the  presence 
ol  SDS.  The  assembly  of  SDS  at  GC,  shown  in  the  next  chapter  (Rgure  14  (A)), 
is  expected  to  be  more  disordered  and  micelle-llke. 

3.32  Surfaetant-RPG  Interactions 

Despite  the  greater  negative  charge  density  of  RPG  than  QC,  other 
interactions  such  as  hyOrophobic  ones  are  important  since  both  probes  adsorb 
at  this  surface.  The  greater  surface  concentration  of  DA  than  DOPAC,  however, 
indicates  some  preferential  cation  interactions  aso  occur  at  PPG  as  at  GC  but 
are  less  importartt  to  good  response  than  at  GC. 

Assembly  of  cationic  surfactant  ai  this  surface  is  better  than  anionic 
surfactant  assembly,  similar  to  the  effects  observed  at  GC.  Due  to  greater 
surface  heterogeneity  as  well  as  greater  surface  roughness  of  RPG  than  GC, 
surfactant  assembly  at  this  surface  can  be  expected  to  be  more  OisorOereO  with 
a proposed  micelle-like  structure  as  shown  In  Figure  13.  This  Is  evident  from  the 
results,  where  longer  carbon  chain  length  cationic  surfactants  were  necessary  for 
eliminating  probe  adsorotion  at  RPG  while  at  GC  short  chain  length  cationic 


Figure  13.  Model  for  Ionic  Surfactant  (CTAB,TTA8,DTAB,SDS)  Assembly  at 
RPG.  This  model  is  for  visual  purposes  only. 


• -0A(*) 

• -Mg(*2) 


surfactants  were  effective  in  improving  response.  At  flPQ,  shorter  carbon  caiain 


length  surfactants  can  Be  expected  to  form  micelle-like  assemblies  as  a result  of 
weaker  lateral  hydrophobic  interactions  between  neighboring  surfactant  tail 
groups  and  the  heterogeneous  surface.  Changing  cationic  surfactant 
hydrophobicrty  by  increasing  carbon  chain  length  Increases  lateral  hydrophobic 
interactions  between  surfactant  tail  groups  and,  thus,  Increases  the  order  of  the 
aggregates  at  the  surface. 

The  assembly  of  SDS  at  RPG  is  expected  to  Pe  micelle-like  similar  to  that 
observed  at  GC.  The  assembly  of  anionic  SDS  Is  expected  to  be  further  away 
from  the  surface  than  cabonrc  surfactants  as  evident  from  SDS  effectiveness  in 
preventing  probe  adsorption  at  RPG.  In  addibon,  similar  probe-RPG  distance  in 
12  carbon  SDS  and  16  carbon  CTAB  solutions  confirms  the  inability  of  SDS  to 
access  the  surface  closely. 

3.4  Conclusions 

The  feasibility  of  forming  surfactant  aggregates  at  graphite  surfaces  directly 
from  solution  without  the  need  for  tedious  methods  such  as  Langmuir-Blodgetl 
methods  has  been  shown,  in  addition  unlike  at  other  modified  surfaces,  this 
dynamically  modified  surface  does  not  limit  electron  transfer  allowing  continuous 
exchange  of  the  proOe  between  the  surface  and  solution,  Ewing  and  Wallingford 
(75)  showed  a decrease  in  electrochemicai  response  for  catecholamines  such  as 
DA  in  anionic  micellar  media  which  they  attributed  to  changes  in  probe  diffusion 
coefTcients  as  a result  of  partltoning  of  probes  into  the  micelles.  We  did  not 
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observe  such  effects,  la  fact,  diffusion  coefficients  of  catecholamines  have  been 
shown  not  to  change  signrfcantly  In  micellar  media  (73). 

The  results  are  consistent  with  head  on  surfactant-surface  interactions  at 
two  types  of  graphite  surfaces:  Inactive  GC  and  active  RPG.  Differences  in 
assembly  structure  are  expected  due  to  structural  differences  between  the 
surfaces,  where  at  smooth  GC  a more  ordered  assembly  Is  expected  than  at 
rough  RPG.  The  effect  of  surfactants  on  probe  response  varies  at  these  surfaces 
because  of  different  probe-surface  and  surfact^t-surface  interacBons.  Therefore, 
in  addition  to  choosing  the  surfactant,  the  structure  of  the  surface  and  the  nature 
of  the  probe  must  be  considered  in  order  to  optimize  response. 

These  results  indicate  that  improvement  of  probe  response  occurs  In 
Surfactant  media  as  a result  of  controlling  the  surface  microenvironment. 
Improvements  In  sensitivity  of  inactive  GC  and  the  stability  of  resoonse  at  RPG, 
with  minimal  sacnfics  In  sensitivity  were  observed  in  ionic  surfactant  media. 
Inactive  GC  can  be  made  more  active  without  exposing  edge  planes  and  the 
activity  of  RPG  Is  not  compromised.  The  information  gained  in  the  study  of 
surfactant-modified  graphite  surfaces  can  be  used  to  elucidate  several  key 
properties  of  graphite  surfaces  which  must  be  considered  for  controlling  and 
optimizing  probe  response  at  these  surface.  For  example,  from  these  results  it 
is  clear  that  for  good  response  electrostatic  effects  are  Important  at  GC  and 
hydrophobic  ones  are  Important  at  RPG. 


CHAPTER  4 

OPTIMIZATION  OF  RESPONSE  FOR  SMALL  BIOLOGICAL  MOLECULES  IN 
SOLUTIONS  OF  IONIC  AUPHATIC  SURFACTANTS 

Previous  results  with  aliphatic  surfactants  indicated  that  despite  diHerences 
in  surface  roughness  and  surface  heterogeneity,  surfactants  assemble  at  GC  and 
RPG  head  on  as  a result  of  the  signrfcant  hydrophilic  nature  of  these  surfaces 
which  have  a net  negative  surface  charge  at  pH  7,  Assembly  of  cationic 
surfactant  at  both  surfaces  was  shown  tc  be  better  than  for  anionic  ones. 
However,  assembly  of  negatively  charged  surfaaanis  appears  to  be  better  at 
RPG  than  at  GC  despite  the  greater  density  of  negative  surface  groups  at  this 
surface.  These  results  Indicated  that  hydrophobic  affects  are  important  to 
assembly  and  response  at  RPG  while  electrostatic  ones  are  important  at  GC. 

Surfactant  modifcalon  of  graphite  was  shown  to  be  favorable  for  sensitive 
and  stable  response  of  small  biological  probes,  e.g.,  catecholamines.  The  focus 
of  the  work  described  in  this  chapter  is  further  improvement  of  response  for 
catecholamines  at  the  surfactant-modified  surfaces.  To  achieve  this  objective, 
both  probe-surfactant  and  surfactant-surface  interactions  must  be  considered  and 
optimized.  II  electrostatic  interactions  drive  assembly,  interactions  lor  anionic 
surfactant  could  be  improved  by  effective  charge  screening  while  exposure  of 
these  negative  groups  is  favorable  for  cationic  surfactant  assembly.  This  could 
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ba  done  by  controlling  ionic  strength  or  By  addition  of  muitiply  charged  cations 
vvhii*  are  more  efficient  in  charge  screening  the  surface  groups. 

Priorto  optimizing  surfactant-graphite  interactions,  catechol  amine  response 
at  graphite  was  investigated  as  a function  of  ionic  strength  and  cation  charge. 
These  results  will  show  that  control  of  ionic  strength  and  charge  screening  does 
not  improve  response  for  catecholamines  as  significantly  as  surfactant 
modification,  presumaOiy  because  surfactants  can  provide  a favorable 
hydrophobic  and  hydrophilic  (electrostatic)  environment  which  is  apparently 
necessary  for  good  catecholamine  response  at  graphite.  A detailed  discussion 
of  ionic  strength  effects  on  catecholamine  response  and  on  surfactant-surface 
interactions  will  follow. 

4.1  Ionic  Strenoth  Effects  on  Calecholamine-GraphUe  Imeracfions 
4.11  Double  Laver  Effects  on  Catecholamine-GC  Intaractions 

The  response  of  anionic  3,4-dlhydroxyphenyl  acetic  aoO  (DOPAC)  at  GC 
was  shown  earlier  not  to  be  very  sensitive  Cue  to  repulsion  of  the  probe  by  the 
anionic  surface  groups  (14-16)  . Table  6 lists  the  values  of  the  difference 
between  the  anodic  and  cathodic  paah  potenfials  (AEJ,  and  peak  currents  (ij 
at  different  ionic  strengths.  Increases  in  ionic  strength  result  in  an  Inorease  In  (^ 
and  a decrease  in  bEp,  e.g.,  higher  surface  concentration  of  DOPAC  and  closer 
surface  access.  Addition  of  electrolytes  not  only  increases  the  Ionic  strength  but 
also  changes  the  composcfi'on  of  ions  in  the  double  layer.  Electrolytes  with 
mulbvalenl  cations  can  be  expected  to  be  more  effective  in  screening  anionic 
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EFFECTOF  DOUBLE  LAYERONCATECHOLAMINEPESPONSE  AT 
BARE  QC 


SOLUTION* 

[ELECTROLYTEl" 

Ajcm’M 

s 

DOPAC 

so 

0.27  = 0.02 

421  ± 10 

DOPAC 

500 

0.38  ± 0.02 

270  ± 17 

DOPAC/MgCt,” 

65 

0.44  ± 0.02 

193  = 5 

□A 

50 

0.51  ± 0.03 

124  = 13 

□A 

500 

0.41  ± 0,01 

193  = 20 

DA/MgCI," 

55 

0.46  ± 0.02 

113  = 4 

Probe  concentrations  were  0.50  mM. 

Phosphate  concentration  at  pH  7. 

Oxidation  peak  currents  normalized  over  electrode  area  (0.05  cm‘)  and  CV 
experiments  were  conducted  at  v = 0.100  Vs  ’. 

UgCI,  = 5 mU  concentration  in  addition  to  SO  mM  phosphate  at  pH  7. 
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surface  charge  (13).  The  results  of  DOPAC  response  at  GC  In  which  ionic 
strength  was  adjusted  with  MgCI,are  summarized  in  Table  6.  When  MgCIjIs 
added  a significant  increase  in  1^  and  a decrease  in  is  observed  for  DOPAC. 
consistent  with  the  errpecied  effect  of  divalent  cations  on  charge  screening  and 
double  layer  compactness. 

An  increase  in  ionic  strength  should  decrease  dopamine  (0A)-C3C 
interactions,  decreasing  i„  (lowering  surface  concentration)  and  increasing  iE, 
(increasing  distance  to  the  surface)  because  of  the  competition  of  electrolyte 
cations  for  the  negative  surface  groups.  Results  in  Table  6 verity  this,  supponlhg 
the  importance  of  electrostatic  interactions  to  DA  response  at  GC.  Addition  of 
multivalent  cations  was  also  expected  to  decrease  amount  of  DA  at  GC  since 
multivalent  cations  could  compete  for  the  surface  more  effioientiy  than 
monovalent  ones.  The  results  In  Table  6 indicate  that  i,  (concentration)  for  DA 
decreases  following  addition  of  MgCI,  while  no  signiflcant  effect  on  (distance) 
is  observed.  These  results  are  consistent  with  the  importance  of  favorable 
electrostatic  interactions  to  good  response  for  catecholamines  at  inactve  QC. 
4.12  DouPle  Laver  Effects  on  CatBcholamlne-RPG  Interaaions 

Earlier  results  showed  that  DOPAC-RPG  and  DA-RPQ  interactions  are 
more  complex  than  probe-QC  interactions,  not  simply  electrostatic,  and  rely  on 
the  dose  probe-surface  access.  At  high  Ionic  strength  both  probes  should  be 
closer  to  RPG  due  to  a more  compact  douPle  layer.  Tha  results  in  Table  7 
crease  In  AE,  and  an  Increase  in  1^  values  following  an 


confirm  this,  since  a dec 
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increase  in  ionic  strength  is  observed  for  both  DOPAC  and  DA. 

Addition  of  multivalent  caUons  can  be  expected  to  decrease  electrostalc 
interactions  for  DA  and  increase  those  for  DOPAC  at  RPG.  However,  since 
previous  results  indicated  that  other  interactions  such  as  hydrophobic  ones  are 
important,  the  effect  on  probe  response  should  be  small.  The  results  In  Table  7 
indicate  that  ie.  surface  concentration,  lor  DA  at  RPG  decreases  following 
addition  of  MgClj  while  i„  for  DOPAC  slightly  increases.  For  DOPAC  a slight 
increase  in  AE,  is  observed  following  MgCI,  addition  indicating  a slight  increase 
in  probe-RPG  distance.  However,  for  DA  no  signifioant  change  in  AE„  was 
obsen/ed. 

Another  interesting  feature  of  the  results  in  Table  7 is  the  similarity  in  AE, 
values  for  DA  and  DOPAC  at  RPG  in  solutions  of  comparable  ionic  strength.  The 
similar  and  low  AE,  values  at  high  ionic  strength  demonstrate  the  ability  of  boW 
probes  to  access  this  surface  closely.  However,  surface  concentrations  as 
measured  by  i„  differ  for  the  two  probes  with  values  lor  DA  remaining  higher 
which  is  consistent  with  some  cation  preconoemration  at  the  surface. 

The  overall  effect  of  ionic  strength  and  cation  charge  was  less  apparent  at 
this  surface  than  at  GC,  confirming  that  electrostatic  effects  are  not  as  important 
at  this  surface  as  at  GC,  Other  interactions  with  the  surface  such  as  hydrophobic 
ones  are  more  important  for  good  response  at  RPG. 


Probe  concentrations  were  0.50  mM. 

Phosphate  concentration  at  pH  7. 

Oxidation  peak  currents  normalized  over  electrode  area  (0.05  cm')  and  CV 
experiments  were  conducted  at  v = 0.100  Vs  '. 

MgClj  = 5 mM  concentration  in  addition  to  50  mM  phosphate  at  pH  7. 


».2  fopic  Slfenoin  Effects  on  Surlactant-Graphili 


4.21  Double  Laver  Effects  on  Surtaclanl-GC  Interactions  in  Catscholamine 

The  results  in  Table  8 show  that  the  response  of  OOPAC  at  GC  in 
cetyltrimethylammonium  Bromide  (CTAB)  solutions  is  Best  at  low  ionic  strength 
which  favors  surfactant-surface  and  probe-  surfactant  interactions.  This  is  evident 
from  the  higher  i,  and  the  lower  iE,  values.  Furthermore,  higher  and  lower 
AE,  values  in  the  presence  of  surfactant  confim  that  surfactant  assembles  at  the 
surface,  and  that  such  an  assembly  and  the  hydrophobic  environment  it  provides 
Is  important  for  good  DOPAC  response  at  GC.  The  response  of  DOPAC  (in 
CTAB  solution  at  GC)  decreases  following  addition  of  MgCI,  as  evident  from  the 
decrease  In  1^  and  an  increase  In  &Ep  (Table  3)  which  indicates  a decrease  in 
surfactant  assembly  at  this  surface. 

The  results  in  Table  8 for  DA  in  sodium  dodecyl  sulfate  (SOS)  solutions 
indicate  that  when  ionic  strength  Is  increased,  ol  DA  increases  at  GC 
approaching  values  in  the  absence  of  SDS,  But  with  lower  (Table  1).  Lower 
iEp  values  in  the  presence  of  SDS  confirm  more  effactive  probe  access  to  the 
surface.  However,  similarly  to  what  was  observed  in  the  absence  of  SDS,  iEp 
for  DA  increases  with  increasing  ionic  strength  (Table  8).  At  high  ionic  strength, 
charge  screening  of  SDS  head  groups  or  larger  aggregate  size  may  cause  an 
increase  in  DA-surface  distance.  Addition  of  MgClj  to  DA  In  SDS  soluBons 
resulted  In  a decrease  in  iE„  at  GC  with  litOe  effect  on  i,  (Table  8).  These  results 
indicate  closer  access  of  GC  for  DA,  presumably  due  to  batter  assembly  of  SDS 
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Table  0.  DOUBLE  LAYER  EFFECT  ON  SURFACTANT-GC  INTERACTIONS 


SOLUTION* 

[ELECTROLYTE]' 

(mM) 

A/cm’M 

5 

CTAB/OOPAC 

50 

0,51  ± 0.02 

80  ± 2 

CTAB/OOPAC 

500 

0.43  * 0,05 

110  ± 9 

CTAB/MgCI^DOPAC 

55" 

0.46  ± 0.01 

103  ± 2 

SDS/DA 

SO 

0.32  ± 0.01 

122  ± 3 

SDS/DA 

500 

0,40  s 0.03 

156  ± 11 

SDS/MgCyOA 

55“ 

0.30  ± 0.03 

115  * 5 

Probe  concentrations  were  0.50  mM  with  3mM  CTAB  solutiwis  containing 
DOPAC  and  10  mM  SDS  solutions  containing  DA. 

Phosptiate  concentration  at  pH  7. 


Oxidation  peak  currants  normalized  over  electrode  area  (0.05  cm’)  and  CV 
experiments  were  conducted  at  v = 0.100  Vs  '. 


MgClj  concentraSon  = 5 mM  in  addition  to  50  mM  phosphate  at  pH  7. 
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at  GC  as  a result  of  effective  charge  screening  by  Mg’*.  Again,  these  results  are 
consistent  wth  the  importance  of  electrostatic  effecra  at  this  surface. 

Increasing  Ionic  strength  and  the  resultant  charge  screening  causes  a less 
effective  assembly  of  canonic  surfactants  at  QC.  However,  anionic  surfactants 
appear  to  assemble  more  efficiently.  Two  processes  may  be  responsible:  more 
effective  formation  of  larger  micelles  through  effective  screening  of  surfactant 
heao  groups  minimizing  head  group  repulsion  and/or  increased  surface  charge 
screening,  resulting  In  enhancement  in  interactions  for  anionic  species  and  a 
decrease  In  interactions  for  catonic  ones.  Clearly  the  latter  effect  is  important 
In  cationic  surfactant  solutions.  MgCI,  has  a similar  effect  as  ionic  strength  on 
SDS  and  CTAB  assembly,  again,  a consequence  of  charge  screening  effects. 
As  shown  in  figure  14  (B)  Mg'*  may  screen  the  negaive  charge  (surface  and 
surfactant)  improving  assembly  of  anionic  SDS.  Mg"  reduces  assembly  of  CTAB 
atGC. 

4.22  Double  Laver  Effects  on  Surfaclant-HPG  Interactions  in  Catecholamine 
Analysis 

At  bare  RPG  where  electrostatic  Interactions  had  less  effect  on  probe 
response  than  at  bare  GC,  assembly  of  surfactants  was  not  expected  to  be 
strongly  affected  by  electrolytes  present  in  solution.  Furthermore,  in  surfactant 
assembly  at  RPG,  hydrophobic  effects  (rather  than  electrostatic)  should  play  an 
important  role;  surfactant  assembly  at  the  surface  may  be  favored  over  that  of 
electrolyte  ions.  The  results  in  Table  9 confirm  this  since  only  a slight  decrease 
in  DOPAC  response  was  observed  in  CTAB  solutions  with  increasing  ionic 


Model  (or  Anionic  Surfactant  Assembly  at  GC:  (A)  SDS  assembly; 
(B)  MgCI,  effect  on  SDS  assembly  at  GC.  This  is  a cartoon 
representation  for  visual  purposes  only. 
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Strength  or  following  addition  ol  MgClj. 

At  flPG,  CTA6  and  SDS  were  shown  earlier  to  reduce  probe  adsorption 
in  a similar  manner  Results  In  Table  9 indicate  that  DA  response  at  RPG  in  SOS 
solutions  is  better  at  lower  ionic  strength.  Here,  as  with  CTAB,  the  effect  ol  ionic 
strength  on  response  is  very  small.  MgCI,  addition  to  DA  In  SDS  solutions  also 
had  very  little  effect  on  DA  response  at  RPG  as  shown  In  the  results  In  Table  9. 
The  results  in  Table  9 indicate  a slignt  decrease  In  DA  response  following 
addition  of  MgClj.  Furthermore,  the  efiect  of  MgCl,  addition  on  DA  response  was 
similar  to  that  observed  for  OOPAC  In  CTAB  solutions  following  MgCI,  addition 
Indicating  the  Importance  of  other  Interactions  besides  electrostat’c  ones  to  good 
response  at  RPG.  In  addition,  the  overall  effea  of  electrolytes  on  the  response 
of  RPG  and  GC  in  surfactant  solutions  is  much  less  significant  than  at  the  bare 
surfaces.  These  results  Indicate  that  surfactant  assembly  is  favored  over  otner 
species  In  solution,  making  them  fairly  insensitive  to  double  layer  composition, 

4.3  Conclusions 

Results  obtained  nere  show  that  at  RPG  both  electrostatic  interactions  {due 
presumably  to  negative  oxide  groups)  and  hydrophobic  interactions  (a  possible 
result  of  a higher  basal  plane  density)  are  important.  In  the  reactions  of 
catechols,  hydrophobic  interactions  with  RPG  clearly  dominate  over  electrostatic, 
and  contribute  to  higher  I,  and  lower  values  compared  to  GC,  It  is  also  clear 
from  the  results  that  favorable  alectrostalic  and  hydrophobic  interactions  with  the 
surfactant  at  the  surface  can  improve  response  at  low  Ionic  strength  but  are 


never  as  effective  in  producing  good  response  as  good  probe-surface 
interactions  observed  at  high  ionic  strength.  This  indicates  that  at  RPG  the  best 
(most  sensitive)  results  will  be  obtained  at  the  bare  surface.  However, 
reproducibility  (and  selectivity)  will  be  a problem  here  and  a small  reduction  in 
sensitivity  is  a worthwhile  compromise  if  surface  stsfiility  (and  selectivity)  Is 
important.  These  results  also  show  that  unactivated  GC,  even  vath  effective 
surfactant  modification,  will  not  be  as  sensitive  as  active  RPG.  However,  QC  can 
become  quite  a sensitive  surface  in  the  absence  of  any  other  activation  by  simple 
addition  of  the  right  surfactant.  The  advantage  is  a reasonably  sensitive  and 
selective  continuously  renewable  surface.  The  latter  Is  a result  of  the  dynamic 
surfactant-surface  and  probe-surfactant  Interactions. 

Funhermore,  the  results  show  that  although  catechol-surface  interactions 
are  significantly  affected  by  ionic  strength  and  electrolyte  charge,  surfactant- 
surface  and  surfactant-probe  interactions  are  not  significantly  affected,  indicating 
that  surfactants  serve  as  an  effective  ionic  buffer.  The  results  presented  here 
indicate  that  surfactant  assembly  at  the  surface  is  best  at  low  ionic  strength. 
These  resulB  also  verify  the  importance  of  a favorable  amphophilic  enwronment 
for  catechol  response  which  can  be  provided  by  the  surfactants  when  needed. 
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Probe  concentrations  were  0.50  mM  with  (3  mM)  CTAB  solutions 
containing  DOPAC  and  [10  mM)  SDS  solutons  containing  DA. 

Phosphate  concentration  at  pH  7. 


Oxidation  peak  currents  normalized  over  electrode  area  (O.Ce  cm’)  and  CV 
experiments  were  conducted  at  v = 0.100  Vs'V 


MgClj  = 5 mM  in  addition  to  50  mM  phosphate  at  pH  7. 


CHAPTER  5 

BILE  SURFACTANT-MODIFIED  GRAPHITE  IN  ELECTROCHEMICAL 
DETECTION  OF  PROTEINS 

In  this  work  we  present  a new  strategy  developeP  for  the  electrochemical 
detection  of  redox  proteins  at  graphite  surfaces.  The  graphite  electrode  surface, 
GC  and  RPG,  were  t*osen  in  this  work  lor  comparison  due  to  their  different 
activities  where  RPG  is  more  active  than  GC.  Previously,  It  has  been  shown  that 
GC  is  limited  In  analysis  by  poor  sensitivity  and  RPG  is  limited  by  electrode 
fouling.  Ionic  aliphatic  surfactants  used  in  surface  modification  were  shown  to 
solve  these  surface  problems  in  the  analysis  of  catecholamines.  A similar  strategy 
is  used  in  this  work  for  the  analysis  of  a redox  protein,  cytochrome  c (cyt  c). 
However,  a bulky,  negatively  charged  biological  surfactant,  deoxycholio  acid 
(DCA),  rather  than  an  Ionic  aliphatic  surfactant  was  used  here  for  optimum 
surface  and  protein  interactions  preventing  protein  denaturing. 

DCA  surfactant  assembly  used  as  modification  strategy  here  prevents 
strong  protein-surface  Interactions  and  irreversible  protein  adsorption,  extending 
the  lifetime  of  the  surface  for  analysis.  In  addition,  weak,  protein-modified  (DCA) 
surface  interactions  are  reversible  and  produce  apparent  formal  potental  (E°') 
values  for  cyt  0 near  that  of  the  native  protein  which  is  important  in  protein 
identification.  Another  advantage  of  this  modification  scheme  is  an  improvement 
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itivlty  of  analyticaf  signals.  Opilmiz 


response 


accomplished  by  adjusting  parameters  such  as  ionic  strength  and  DCA 
concentration,  and  will  be  discussed  later  In  detail,  as  will  be  the  factors 
determining  the  linear  dynamic  range  and  the  sensitivity  of  this  method.  An 
additional  Important  outcome  of  this  work  is  that  the  results  obtaned  provide  a 
clearer  understanding  of  interactions  necessary  for  sensitive  as  well  as  stable 
electrochemica  response  of  different  proteins  at  electrode  surfaces  including 
graphite  and  a clear  model  lor  graphite  surface  structure  relevant  in  surface 
modification  and  the  response  of  biologica  surface  active  molecules.  A detaied 
discussion  of  the  interactions  of  cyt  c at  the  bare  and  DCA-modified  graphite 
surface  as  well  as  the  quantitation  of  response  In  DCA  solutions  is  provided  here. 

5.1  Results  and  Discussion  of  Cvt  c Analysis  at  Bare  and  Bile-Modired  Graphite 
gacirode  Surfaces 

5.11  Protein-Bile  Interactions  and  the  Fundamentals  of  ElBctrochemlslrv  of  Cvt 

At  graphite  good  cyt  c response  consists  of  good  sensitivity,  as  a result 
of  large  surface  concentration  determined  from  large  peak  currents  (ij  and  fast 
kinetics  determined  by  smaJI  differences  in  anodic  to  cathodic  peak  potentials 
(AEJ  which  indicate  close  surface  access.  Improvements  in  the  reusability  of 
graphite  by  eliminating  surface  changes  due  to  cyt  c adsorption  are  also  desired. 
This  can  be  done  by  preventing  direct  cyt  c-graphite  interactions. 

In  order  to  accomplish  this,  it  Is  necessary  to  bring  DCA  effectively  to  the 
can  be  done  by  increasing  ionic  strength  and  Increasing  DCA 


surface.  This 


coacentratian.  Assembly  ol  DCA  at  surfaces  in  aqueous  media  is  thought 


occur  through  hydrophobic  interactions  with  the  surface  (56,57).  Increasing  ionic 
strength  decreases  the  compact  double  layer  allowing  closer  access  to  the 
surface  and  improving  hydrophobic  Interactions  with  the  surface  (12,13). 
Increasing  DCA  concentration  increases  the  amount  of  DCA  competing  with  oyt 
c for  the  surface,  thus,  improving  DCA  assembly  at  the  surface.  Assembled  DCA 
should  effectively  Interact  with  cyt  c,  assuming  proper  orientation  of  DCA  at  the 
surface,  if  hydropnobic  interactions  with  the  surface  drive  DCA  assembly  then 
electrostatic  Interactions  with  cyt  c can  occur,  in  addition,  chemical  identification 
of  cyt  c is  possible  if  the  cyclic  voltammetry  (CV)  measured  P'  are  consistent 
with  that  of  native  oyt  O-  This  can  be  accomplished  If  cyt  c-DCA  interactions  are 
weak  and  both  redox  forms  interact  with  DCA  equally  {eq  9). 

High  ionic  strength  solutions  produce  a more  compact  double  layer, 
typically  allowing  closer  surface  access  for  solution  species  (12,13).  The  high 
ionic  strenglh  e.g.  close  surface  access  favors  hydrophobic  interactions  as 
indicated  by  previous  resufts  with  catecholamines  (chapter  4).  If  hydrophobic 
interactions  between  DCA  and  the  surface  drive  assembly  at  both  GC  and  RPG 
surfaces,  these  interactions  should  be  best  at  high  ionic  strength.  However,  in 
order  to  maintain  effectve  DCA-cyt  c interactions  a moderate  Ionic  strength 
should  be  optimum  since  at  ionic  strength  greater  than  100  mM  Interactons 
between  cyt  c and  DCA  are  weakened.  The  concentration  of  DCA  In  solution 
also  affects  cyt  c response  where  high  DCA  concemratiohs  leads  to  effecbve 
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DCA-cyt  e binding  and  a decreasa  in  the  amount  of  free  cyt  c in  solution.  This 
contributes  to  the  effective  competition  by  cyt  c for  the  surface. 

DCA  is  used  to  remove  membrane  bound  cyt  o through  electrostatic 
attraction  between  DCA  carboirylate  groups  and  protonated  amine  groups  of  the 
amino  acid  lysine  surrounding  the  exterior  portion  of  cyt  c (shown  in  Rgure  9), 
at  a pH  where  the  carboxylic  groups  are  deprotonateO  (between  8 and  10)  (91), 
Twelve  DCA  molecules  are  reported  to  bind  one  cyt  c molecule  which  correlates 
well  with  the  net  -r13  charge  of  cyt  c below  pH  10  (91).  Commonly,  moderate 
ionic  strengths  of  100  mM  are  used  in  removing  membrane  bound  cyt  c (54,91). 
At  pH  a 10  when  cyt  c is  neutral,  other  interactions  with  DCA  such  as  hydrogen 
bonding  may  occur  which  resemble  bile-bile  (DCA-DCA)  interactions  in 
secondary  micelles  (Rgure  7)  (91).  In  solution,  cyt  c interacts  mainly  with 
monomer  surfactants  and  not  aggregates  (91).  The  interactions  are  weak  and 
dynamic  and  can  be  investigated  using  electrochemical  methods  e.g.  by 
analyzing  shifts  In  E"  (eq  9). 

Because  of  the  possibility  of  anion  binding  in  solution,  P'  of  cyt  c 
can  be  expected  to  be  affected  by  the  presence  of  different  protein  conformers 
other  than  the  native  form  and  by  environmental  parameters  such  as  pH.  ionic 
strength,  the  nature  of  the  electrolyte,  and  temperature.  However,  at  pH  8 where 
the  carboxyl  groups  of  DCA  are  deprotonated,  no  conformers  of  the  natve  cyt 
c have  been  reported  (92)  and  therefore,  in  the  absence  of  other  Interactions  no 
significant  shifts  in  P'  should  occur.  Slight  negative  shifts  in  P'  tor  cyt  c bound 


to  anionic  tedox  partners  or  to  the  cell  membrane  have  been  reported.  For 
example,  negative  shifts  of  -0.045to  -O.OSO  V have  been  observed  for  cyt  c bound 
to  cardiolipin-lecilhin  vesioles  (86,93);  negative  shifts  of  -0.020  to  -0.030  V for  cyt 
c bound  to  phosvitin  (94,95);  -0.050  to  -0.060  V negative  shifts  tor  mitochondrial 
membrane-bound  cyt  o (96,97)  and  -0.035  to  -0.040  V negative  shifts  for  cyt  c 
bound  to  cyt  c oxidase  or  reductase  in  soiution  (96). 

These  shifts  occur  because  the  ojddizeO  form  of  cyt  c binds  sfronger  to  the 
anionic  species  than  the  reduced  form  (eq  9)  and  are  not  caused  by  protein 
unfolding  since  interacbons  are  primariiy  electrostatic  (weak).  The  magnitudes 
of  the  shifts  are  related  to  the  ratio  of  »ie  binding  constants  (eq  9)  which 
range  between  2 (-0.020  V shift)  to  7 (-0.050  V shift).  Negative  shifts  in  E"’  of 
-0.020  to  -0.025  V for  cyt  c at  tin  oxide  were  observed  by  Bowden  et  al.  which 
were  consistent  with  those  reported  for  cyt  c bound  to  phosvitin  (25).  This  lead 
to  fherr  conciusion  that  interactions  of  cyt  c at  this  surface  were  eleotrostattc. 

Large  shifts  in  E”'  can  reflect  irreversible  conformational  changes  or  the 
presence  of  other  conformers  (than  the  native  form)  in  solution.  For  example 
other  conformers  extst  for  native  cyt  c at  alkaline  pH  ( > 9)  which  exhibit  large 
negative  shifts  In  e"  (-0,42  V vs  SCE)  (99)  compared  to  E*’  of  native  cyt  c at 
neutral  pH  (0.01  V vs  SCE).  However,  these  conformational  changes  are  not 
permanent  and  do  not  indicate  protein  unfolding  (tertiary  structure  of  the  protein 
has  not  been  destroyed).  The  conformers  exhibit  fast  kinetics  (small  afj 
confirming  that  there  is  no  permanent  change  in  the  protein  struchjre.  When 


is  desiroyea  a large  shift  in  E*’.  as ' 


kinetics  (large  AEJ  are  observed.  For  example,  E“'  observed  on  Au  were  ca. 
0.200  V more  negative  than  of  the  native  form  and  A£„  values  were  greater  than 
0.150  V indicating  protein  unfolding.  This  is  a result  of  the  formation  of  a 
covalent  bond  between  cyt  c and  Au  (23). 

DCA  surface  modification  should  produce  a membrane-like  structure  at  the 
surface.  It  hydrophobic  surface-DCA  interactions  occur  (as  predicted  from  earlier 
studies  of  DCA  assembly.  Figure  7),  orientation  of  DCA  at  graphite  should  leave 
carboxylate  groups  facing  the  solution  whitdi  should  favor  cyt  c-DCA  interactions. 
This  orientation  should  be  apparent  from  the  results  where  an  improvement  in 
sensitivity,  e.g.,  larger  i„  and  smaller  AE,,  is  expected  if  effective  transport  of  cyt 
c to  the  surface  by  DCA  occurs,  If  weak  electrostatic  interactions  between  cyt 
c and  DCA  occur.  E"  should  be  similar  to  native  membrane-bound  cyt  c with  a 
possible  small  negative  shift  relative  to  tree  solution  form  and  because  of  the 
differences  in  DCA  interactions  with  oxidized  «md  reduced  forms  of  the  protein 
AE,  values  reflecting  fast  kinetics. 

5.12  Cvt  c Response  at  Bare  and  Bile-modified  GC 

At  GC,  Bond  et  al.  observed  two  well-defined  reductions  of  cyt  c (22).  The 
two  pathways  gave  rise  to  two  different  E”'  values.  One  for  irreversibly  adsorbed 
cyt  c conformer  at  -0.42  V vs  SCE  and  the  other  for  native  cyt  c in  solution  at 
0.01  V vs  SCE.  The  irreversibly  adsorbed  cyt  c had  a large  AE„  value  cona'stent 
with  permanent  conformational  changes.  On  the  other  hand,  AE,  values  for 
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native  cyt  e indicated  quasireversible  kinetics.  Furthermore,  since  the  adsorption 
process  for  cyt  c was  observed  in  the  absence  of  modifiers  at  GC  eventual  ioss 
of  signal  can  be  expected  but  was  not  reported. 

The  results  in  Tabie  10  show  an  increase  in  and  a decrease  in  iEp  for 
cyt  c at  GC  following  DCA  addition.  The  E°'  measured  from  CV  for  cyt  o at  bare 
GC  (Table  10)  indicate  siight  negative  shifts  In  E"  compared  to  P'  of  the  native 
cyt  0 in  solution  and  are  consistent  with  P'  reported  for  cyt  c bound  to  anionic 
redox  partners  such  as  cyt  c oxidase  and  reductase  (-0.03Sto  -0.040  V vs  SCG) 
(93).  From  these  £•'  values,  a binding  constant  ratio  (V<~)  •*  («<1  9)  was 

calculated  at  GC,  again,  consistent  with  that  reported  for  cyt  c electrostatically 
interacting  with  cyt  c oxidase  or  cyt  c reductase  (98). 

Since  following  DCA  addition  shifts  in  P'  for  cyt  c are  small  at  GC,  this 
indicates  that  DCA-cyt  c binding  is  primarily  electrostatic  and  does  resemble  that 
of  cyt  0 bound  to  cyt  c oxidase/reOuctase  (-0.040  V shift  in  E°'  from  native  form) 
(96). 

The  CV  shown  in  Figure  15  (A)  indicates  that  In  the  absence  of  IKA 
surface  changes  occur  at  GC  with  increasing  number  of  CV  scans  as  is  evident 
from  the  decrease  in  i„.  However,  following  DCA  adOlfon  (Figure  15  (B))  the 
response  for  cyt  c becomes  stable  and  more  sensitive.  As  predicted.  DCA 
assembly  is  effective  In  reducing  surface  changes  as  well  as  enhancing  response 
lor  cyt  c at  GC. 


SOLUTION  SURFACE” 


Electrode  areas  of:  GC  = 0.06  cm’,  HPG  = 0.05  ei 
Background  subtracted  reduction  peak  currents. 


mM  OCA  added. 


Rgurs  IS.  CV  of  Cyt  c (100  iiM)  at  GC  as  a Functioa  of  Scan  Number  (A) 
bare  GC;  (B)  DCA-Modified  GC  (1  mM  DCA).  v = 0.100  V and 
electrode  area  = 0.06  cm*  In  100  mM  phosphate  buffer  at  pH  6. 


e’  (mV) 


SCE 


E (mV)  vs  SCE 
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5.13  Cvt  c Response  ai  Bare  and  Bile-Modifted  PPG 

The  response  of  cyt  c al  RPG  in  the  aOsence  of  modification  was  expected 
to  be  good  due  to  the  greater  actiwty  of  HPG  than  QC.  However,  irreversible 
surface  interactions  may  be  a greater  problem  here  than  at  GC  since  more 
hydrophobic  areas  are  exposed  at  this  surface.  Similar  to  what  was  obsen/ed  at 
GC,  DCA  improved  cyt  c response  at  RPG  as  evident  from  the  increase  in  i„and 
decrease  in  AE,  following  DCA  addition  (Table  10).  This  suggests  that  DCA 
assembly  and  DCA-cyt  c interactions  are  similar  at  both  surfaces.  However,  the 
inherent  inactivity  of  GC  allows  modircation  with  DCA  to  have  a more  dramatic 
affect  on  response  than  at  RPG  where  cyt  c response  is  good  in  the  absence  of 
DCA. 

The  E”'  values  measured  by  CV  al  bare  RPG  (Table  10)  show  a slight 
negative  shift  in  E“'  compared  to  E"  of  native  cyt  c In  solution  and  are  consistent 
with  those  expected  for  cyt  c bound  to  anionic  groups  al  a membrane  (-0.050  to 
-0.060  V vs  SCE)  (96,97).  The  E°'vsUues  al  bare  RPG  are  slightly  more  negative 
than  those  at  bare  GC  Indicating  that  the  binding  of  the  oxidized  form  of  cyt  c is 
stronger  at  RPG  than  at  GC  (eq  9).  The  KJK,„  ratio  at  bare  RPG  was 
determined  to  be  7 (eq  9)  consistent  with  that  reported  for  membrane-bound  cyt 
c.  This  large  IOK,„  is  attributed  to  primarily  electrostatic  Interactions  of  cyt  c 
with  the  surface  with  some  hydrophobic  contribution  (96,97).  On  the  other  hand, 
at  GC  primarily  electrostatc  interactions  occur  and  the  ratio  of  K^K,  is  smaller. 
The  importance  of  electrostatic  and  hydrophobic  effects  at  this  surface  Is 


supported  by  these  results. 

At  RPG  there  Is  a positive  shift  in  E"  from  that  observed  at  the  bare 
surface  following  DCA  addition.  The  positiva  shift  in  £°'  confirms  that  OCA 
assembles  at  the  surface  resulting  in  weaiier  binding  between  the  osidized  form 
of  cyt  c relative  to  that  at  the  bare  surface.  In  addition,  a new  surface 
environment  is  created  in  the  presence  of  DCA.  The  increase  in  F'  In  DCA 
relative  to  the  bars  surface  indicates  a decrease  in  hydrophobic  and  an  increase 
in  electrostatic  environment  for  cyt  c and  confirms  the  similarity  in  modified 
surface  environment  at  GC  and  ftPG. 

The  results  in  Rgure  16  Indicate  that  in  the  absence  of  DCA  surface 
changes  occur  at  RPG  with  scan  repetition.  Similarly  to  what  was  observed  at 
GC,  this  results  in  a decrease  in  1^.  However,  following  OCA  addition  the 
response  becomes  stable. 

These  results  indicate  that  OCA  modification  of  GC  and  RPG  is  successful 
in  increasing  the  lifetime  as  well  as  the  sensitivity  of  these  surfaces  while 
maintaining  the  native  structure  of  cyt  c.  The  improvement  in  surface  environment 
is  similar  at  both  surfaces,  sfithough  more  dramatic  effacts  are  observed  at  GC 
than  RPG.  This  Is  attributed  to  differences  in  activities  between  these  two 
surfaces,  inactive  GC  is  more  sensitive  to  surface  changes,  resulting  in  large 
changes  in  surface  activity  with  minimal  modification  while  active  (heterogenous) 
HPG  is  less  sensitive  to  surface  changes. 


Rgure  16.  CV  of  Cyt  c (100  uM)  at  RPG  as  a Functjon  of  Scan  Number 
(A)  bare  RPG;  (B)  DCA-Modified  RPG  (1  mM  IXIA).  v = 0.100 
Vs'  and  electrode  area  - 0.05  cm‘  In  100  mM  phosphate 
buffer  at  pH  6. 
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5.2  Surface 


iblv  at  Graphite  EleetfoOe  Surfaces 


To  verity  the  kinds  ot  OCA  interactions  which  occur  with  graphite  surfaces, 
the  response  of  dopamine  (DA)  at  DCA-modlfied  graphite  was  also  investigated. 
DA  is  positively  charged  at  neutral  pH  and  has  both  hydrophobic  and  hydrophilic 
progenies  causing  it  to  interact  with  graphite  and  expectedly  with  DCA.  In 
addition.  OA  size  and  known  electrochemical  response  allows  It  to  be  used  as 
a probe  to  obtain  a clear  model  for  OCA  assembly  at  graphite.  Earlier  it  was 
shown  that  DA  and  GC  interactions  were  governed  by  electrostatic  effects.  At 
RPG,  the  combination  of  electrostatic  attraction  and  hydrophobic  interactions 
resulted  in  irreversible  adsorption  and  concomitant  surface  changes,  in  an 
attempt  to  separate  the  effect  of  DCA-graphrte  and  OCA-DA  interactions,  GC  and 
RPG  were  chosen  because  of  their  different  interactions  with  DA. 

The  assembly  of  DCA  should  compete  with  DA-surface  interactons  and 
should  provide  a favorable  amphophilic  environment  at  the  surface  for  DA 
response,  assuming  the  assembly  leaves  the  carboxylate  groups  facing  the 
solution  (Figure  7)  which  will  allow  electrostatic  interactions  with  positively 
charged  DA.  Favorable  DCA-DA  interactions  should  enhance  the  sensitivity  ot 
(3C  and  reduce  surface  changes  at  both  surfaces  without  sacrificing  the 
sensitivity  of  RPG. 

As  with  cyt  c,  ionic  strength  will  affect  OCA-surface  and  DCA-DA 
interactions.  Here,  high  ionic  strength  should  be  best  because  both  surface  and 
probe  interactions  with  DCA  are  heavily  governed  by  hydrophobic  effects.  The 
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results  presented  here  were  obtained  in  0.50  U phosphate  buffer  compared  to 
0.10  M used  in  cyt  c analysis  When  low  Ionic  strength  phosphate  buffers  were 
used  at  GC,  the  effect  of  DCA  on  DA  response  was  not  apparent,  indicatng  no 
signrlicant  DCA-DA  interactions,  consistent  with  hydrophobic  interactions 
controlling  assembly.  At  RPG,  OCA  assembly  was  insensitive  to  ionic  strength, 
presumably  because  of  the  greater  inherent  hydrophobicity  of  RPG. 

These  results  differ  from  those  with  cyt  c,  where  DCA  was  most  effective 
at  both  surfaces  at  low  ionic  strength.  There  are  two  interactions  to  consider 
here.  Rrst,  the  interactions  of  probe  with  DCA.  Then,  the  interactions  of  DCA 
with  the  surface.  DCA  interactions  with  the  surface  are  best  at  high  ionic 
strength.  However,  DCA-cyt  c interactions  are  best  at  lower  ionic  strength. 
Apparently,  the  latter  is  more  important  for  effective  improvement  in  cyt  c 
response  and,  therefore,  a compromise  in  ionic  strength  is  necessary.  On  the 
other  hand,  in  DA  analysis  high  ionic  strength  appears  to  favor  both  DCA-probe 
and  DCA-surface  interactions. 

Similar  to  the  effect  of  aliphatic  surfactants,  DCA  should  affect  the 
response  of  DA  differently  at  GC  and  RPG  due  to  different  probe-surface 
interactions.  Apparently,  the  presence  ol  DCA  at  the  surface  increases  DA-RPG 
distance  without  changing  the  amount  of  DA  the  surface.  This  is  consistent  with 
electrostatic  interaction  between  DA  and  OCA  being  favorable  resulting  in  no 
significant  change  in  surface  concentration  of  DA.  The  results  presented  in 
Table  1 1 indicate  that  DA  kinetics  at  GC  improve  In  DCA  solutions  as  evident 
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Table  11.  DA  RESPONSE  AT  BARE  AND  DCA-MODIRED  GRAPHITE 


SOLUTION 

SURFACE' 

iEp 

(mV) 

'd> 

DA 

GC 

169  ± 29 

8 = 2 



DA/DCA* 

QC 

116  ± 31 

9 = 1 



DA 

RPG" 

49  £ 5 

17  £ 1 

0.74  =0.14 

DA/DCA* 

RPG 

64  £ 1 

16  £ a 

0.52  = 0.04 

CV  results  with  » = 0.100  Vs  ’.  All  solutions  contain  0.5  mM  DA  and  O.SO 
M pnosphate  buffer  at  pH  8. 

Electrode  areas:  GC  = 0.06  cm* , RPG  = 0.05  cm*. 

Background  subtracted  oxidation  peak  currents. 

Slopes  of  log  i,  vs  log  v with  » ranging  between  0.10  and  1.0  Vs'. 

Same  as  ‘ with  5 mM  bile  added. 

i|i™{lli90'^f'caJ)  = 10  uA,  with  0,  = 6.0  X lO*  cmV  (eq  11). 


ip.„(theoretical)  = 15  uA,  (eq  10). 
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from  the  decrease  in  AE„  which  indicates  closer  surface  access.  At  RPG,  iE, 
ffable  11)  increases  in  DCA  solutions  indicating  greater  surface  distance.  This 
is  presumably  due  to  a decrease  In  DA  adsorption  as  evident  from  the  decrease 
in  the  slope  of  the  log  i„  vs  log  v. 

Values  of  Ij  for  DA,  in  Table  1 1 do  not  change  at  either  surface  indicating 
Uiat  DCA  has  no  significant  effect  on  the  surface  concentration.  No  effective 
preconcentration  at  either  surface  occurs  presumably  because  of  the  proposed 
monolayer  assembly  of  DCA  at  the  surface  consistent  with  that  reported  by 
Ekwall  et  al.  (56,57).  Primary  and  secondary  micelles  present  In  solution  at  these 
OCA  concentrations  can  interact  with  DA  electrostatically  and  hydrophobicaliy, 
while  the  monolayer  assembly  at  the  surface  provides  a primarily  favorable 
hydrophilic  environment  with  little  hydrophobic  advantage.  The  greater  ip  for  DA 
at  RPG  over  GC  is  a result  of  the  inherent  differences  in  electrochemical  activities 
of  eat*  surface.  At  RPG,  DA  response  in  DCA  remains  reversible,  where  at  GC 
the  response  is  still  irreversible.  Under  the  experimental  conditions,  theoretcal 
ip  for  a reversible  two  electron  diffusion  controlled  system  (eq  10)  Is  15  pA.  while 
for  an  irreversible  system  (eq  11)  it  is  10  pA.  These  values  are  in  agreement  with 
the  observed  values  in  Table  11. 

In  previous  worh  with  aliphatic  surfactants  conducted  at  pH  7,  RPG,  but 
not  GC,  suffered  from  surface  changes  with  scan  number.  The  present 
experments  were  conducted  at  pH  S.  At  this  pH  both  surfaces  were  susceptible 
to  surface  changes  with  scan  number  as  evident  from  the  results  in  Rgure  17 


CV  of  OA  (0.50  mM)  at  Graphite  Surfaces  as  a Function  of  Scan 
Number:  (A)  bare  GC;  (6)  bare  RPG  (C)  OCA-modifiecf  GC  (5  mM 
□CA)  as  a function  of  scans  viilh  v = O.tOO  Vs  ' and  electrode  area 
= 0.06  cm’  and  0.05  cm’  for  GC  and  flPG,  respectively,  In  0.05  M 
phosphate  buffer  at  pH  6. 
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and  previous  results  with  cyt  c.  Based  on  these  results  it  appears  that  the  extent 
of  surface  changes  depends  on  pH,  surface  activity  and  potential  window  used 
in  analysis.  Increasing  solution  pH  can  change  the  functional  groups  present  at 
the  surface  and  Increases  hydroxide  concentration  in  solution  which  can  result 
in  easier  surface  oxidation.  RPG  is  an  active  surface,  ntore  susceptible  to 
changes  than  GC.  Problems  with  surface  cnanges  of  GO  at  pH  a were  overcome 
by  OCA  addition,  as  shown  in  Hgure  17.  However,  no  significant  improvement 
in  surface  changes  at  RPG  was  obsen/ed  following  OCA  addition. 

Unlilte  the  results  for  cyt  c where  the  surlaoe  stability  is  improved  at  both 
surfaces  (Rgures  15  and  16),  OCA  did  not  improve  stability  of  HPG  for  DA 
analysis,  presumably  because  of  the  different  potential  windows  used.  For  DA 
oxidation,  a more  positive  potential  window  (0.0  to  0.400  V)  is  needed  than  for 
reOucton  of  cyt  c (0.100  to  -0.200  V).  This  must  result  in  greater  susoeptihility 
to  surface  oxidation  (surface  changes)  for  RPG. 

The  results  for  DA  and  cyt  c at  DCA-modified  graphite  indicate  that  DCA 
assembles  at  graphite  through  its  hydrophobic  side,  allowing  favorable 
electrostatic  interactions  to  occur  with  DA  and  cyt  c.  The  enhancement  in 
response  is  more  dramatic  for  cyt  o due  to  the  effective  electrostatio  cyt  o-DCA 
interactions.  Electrostatic  cyt  c-DCA  interactions  occur  primarily  with  monomers 
In  solution  while  DA-DCA  ihteractions  are  due  to  a combination  of  hydrophobic 
and  electrostatic  ihteractions  which  are  favored  with  the  larger  aggregates 
present  in  solution  over  the  monolayer  surface  assembly.  The  presence  of  a 
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monolayer  assembly  at  the  surface  does  not  provide  a significantly  hydrophobic 
environment  needed  to  see  a dramatic  improvement  in  DA  response.  However, 
the  decrease  In  DA-QC  distance  and  decrease  in  DA  adsorption  at  RPG  observed 
following  DCA  addition  does  confirm  DCA  assembly  at  the  surface  with  the 

DCA-modificaiion  of  graphite  appears  to  be  similar  to  modification  of  Au 
with  4,A-blpyridyI  (A-bpy)  (f00-f02).  Surface  assembly  of  both  Is  a competitive 
process,  where  cyt  c is  competing  with  the  modifier  tor  the  surface.  Interactions 
at  the  surface  are  optimum  at  the  optimum  DCA:cyt  c solution  ratio.  High  4-bpy 
concentrations  are  necessary  to  significantly  reduce  the  presence  of  irreversibly 
adsorbed  form  of  cyt  c at  Au  and  a 1 2: 1 DCAicyt  c ratio  is  best  for  most  sensitive 
response  at  DCA-modIfied  surface. 

However,  there  are  significant  differences  between  the  two  moOlficaiion 
schemes.  DCA  appears  to  compete  more  effectively  than  A-bpy  with  cyt  c for  the 
surface  because  of  its  amphophilic  properties  and  there  Is  no  evidence  of  cyt  c 
desorbing  DCA  with  time.  However,  interactions  between  4-bpy  and  Au  are 
weaker  than  those  between  cyt  c and  Au,  resulting  in  easy  replacement  of  4-bpy 
at  the  surface  by  cyt  o (f01,f02).  In  tact,  at  low  4-bpy  concentrations  the 
response  tor  the  adsorbed  irreversible  form  of  cyt  c at  Au  is  observed.  Even  at 
high  4-bpy  concentrations  it  was  found  that  lha  structure  of  cyt  c co-adsorbed 
with  4-bpy  at  Au  was  significantly  different  from  that  of  any  (free  or  bound)  native 
form  of  cyt  0 (101,102).  DCA  modification  of  graphite  appears  to  be  much  more 
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effective  In  maimaining  native  cyt  c structure  than  4-bpy  modification  of  Au.  In 
fact,  the  response  for  cyt  c observed  at  DCA-modified  graphite  as  measured  by 
shifts  in  E"’  reflects  weak  electrostatic  interactions  of  cyt  c In  vivo  bound  to  cyt 
c oxidase  or  reductase. 

5.3  Quantilation  and  Qotrmi?ation  of  ftasoonse  at  Bile-Modified  Sraohite 
Electrodes 

5.31  Quantitation  of  Catecnolamine  Response  in  Bile  Surfactant  Solutions 

To  determine  the  optimum  DCA  concentration  for  DA  response,  the 
response  of  DA  as  a functon  of  DCA  concentration  was  measured  at  GC.  An 
increase  in  DCA-OA  interactions  was  expected  to  improve  DA  response  only  if  the 
behavior  changed  from  irreversible  to  reversible.  GC  was  chosen  because  the 
probe  response  at  this  inactive  surface  Is  sensitive  to  microenvironmenl  changes. 

Since  OCA  did  not  affect  DA  i,  but  did  affect  AE,,  AE^  values  were  used 
to  determine  optimum  DCA  concentration  lor  DA  analysis.  A decrease  in  AE 
coulfl  translate  into  improved  sensitivity  if  the  behavior  changes  from  irreversible 
at  the  bare  surface  to  reversible  in  the  presence  of  DCA,  From  Rgure  18,  AEp 
values  are  shown  to  decrease  with  DCA  concentration.  However.  AE„  still 
remains  In  the  irreversible  regime  which  accounts  tor  the  observed  small  changes 
in  Ip  and  the  lack  of  improvement  in  sensitivity  (Table  12). 

In  Figure  18,  a decrease  in  AE„  is  observed  until  cmcot  DCA  (ca.  3 mM) 
was  reached.  This  corresponds  to  a concentration  ratio  of  6:1  of  DCA:DA  in 


solution. 


Figure  18.  DA  Response  as  a Function  ol  DCA  Conoentralion.  AE„  from  CV 
of  0.50  rrM  DA  In  0.50  U phosphate  buffer  ai  pH  8 at  GO  with  the 
V = 0.100  Vs'  and  electrode  area  = 0.06  cm*. 
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DCA  (mM) 
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As  shown  in  Figure  19,  the  response  is  iinear  (correlation  coefficient  of 
0.999)  over  the  concentration  range  between  60:1  and  l:l  OCA:OA  The  results 
in  Table  12  show  that  in  this  concentration  range  the  sensitivity  of  DCA-modified 
GC  as  measured  from  the  slope  of  the  calibration  plot  does  not  improve  over  that 
measured  at  the  bare  surface.  However,  the  sensitivity  Is  greater  than  the 
theoretical  sensitivity  for  a two  electron  irreversible  diffusion  controlled  system  (eq 
11).  This  is  consistent  with  the  observed  preferential  Interactions  of  cations  at 
this  surface.  Most  importantly,  In  the  presenoe  of  DCA  the  surface  remains 

The  intercept  of  1.5  pA  for  the  working  curve  in  Rgure  19  represents 
background  currents  (e.g.,  charging  currents)  since  the  results  were  not 
background  corrected.  This  indicates  that  for  a signal  to  noise  ratio  of  3:1  the 
lowest  currents  detectable  are  4.6  jiA,  corresponding  to  a limit  of  detection  (LOD) 
of  70  |iM  DA.  At  DA  concentrations  lower  than  those  used  In  Rgure  19  (less  than 
0.C6  mM),  similar  sensitiviry  Is  expected  since  the  sensitivity  Is  Independent  from 
DCA:OA  concentration  ratio  in  this  concentration  range.  When  aggregates  exist 
in  solution  (at  DCA  concentrations  greater  than  cmc),  DCA-DA  binding  oonstants 
are  fixed  and  surface  interactions  are  best.  Therefore,  by  working  at  cmc  both 
maximum  sensitivity  and  stability  can  be  achieved. 

5.32  Quantitation  of  Cvt  c Response  in  Bile  Surfactant  Solutions 

The  optimum  ccxiditions  for  cyt  o analysis  were  also  determined.  Since 
cyt  c interacts  with  DCA  In  solution  in  a ratio  of  12:1,  DCA.cyt  c (91),  this  ratio 


Table  12. 


SENSITIVITY  OF  ■ 


^MODIFIED  GC 


PROBE 

LDR 

SENSITIVITY* 
BARE  GC 
(A/Mcm®) 

SENSITIVITY 

□CA-QC 

(A/Mcm®) 

THEORETICAL 

SENSITIVITY 

LOO" 

(jim) 

DA 

■=  3 

0.46 

0.46 

0.33' 

70 

CYTC 

-1 

0.12 

0.21 

1.7X10*' 

9 

SensitivKy  determined  from  the  calibration  plots  In  Rgures  20  and  21. 
Correlation  coefficients  of  0.999  and  1.00.  respectively.  Electrode  area 
0.06  cm^  .V  = 0.100  Vs  '. 


' Limit  of  detection  for  DCA-modlfied  GC. 

' Theoretical  sensitivity  (A/cm'M)  for  an  irreversible  diffusion  controlled 
system  (eq  11)wltho=  0.5,  n = 2,  n,=  1,  A = 0.06  cm®,  DA  = 0,50  mM 
and  D,  = 6.0  x lO*  cm’s  " (eq  11). 

' Theoretical  sensitivity  (A/cm®)for  a reversible  adsorption  controlled  system 
(eq  11)  with  n=  1,  r = 18.59  pmolcm  ® (calculated  using  area  under  a CV 
curve  for  a 23  uM  cyt  c solution),  and  v = 0.100  Vs  ' (eq  12). 


Figure  19. 


DA  Response  at  Optimum  OCA  Concentration  (3  mM)  at  DCA- 
ModifeO  QC.  CV  (Ip)  of  DA  at  concentrations  between  0.05  and 
3 mM  In  0.50  M phosphate  buffer  at  pH  B at  GC  with 
V = 0.100  Vs  ' and  electrode  area  = 0.06  cm’. 
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DA  (mW) 
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was  expected  to  yield  the  test  sensitivity.  In  addition  to  interactions  in  solution, 
the  effect  of  DCA  concentration  on  the  interactions  with  the  surface  must  be 
considered  in  quantitating  cyt  c response.  We  observed  a linear  increase  In 
response  of  cyt  c with  correlation  coefficient  of  0.998  wrth  increasing  DCA 
concentration  up  to  0.50  mU.  Eventually  a decrease  In  response  was  observed 
after  the  ratio  of  12:1  DCA:cyt  cis  reached.  The  12:1  0CA:cytc  molar  ratio  must, 
therefore,  be  most  effective  not  only  for  DCA-cyt  c solution  but  also  for  DCA-cyt 
c surface  interactions. 

At  the  optimum  OCAicyt  c ralo,  a linear  dynamic  range  was  also 
determined.  The  response  at  0.50  mM  OCA  was  linear  for  cyt  c concentrations 
between  9 and  23  pM,  as  shown  in  Rgure  20.  Beyond  23  nM  cyt  c response 
plateaus.  The  23  |iM  concentration  of  cyt  c corresponds  to  a surface  coverage 
of  18  pmol/om®.  This  coverage  is  consistent  with  the  model  for  DCA-cyt  c 
Interactions  at  die  surface  discussed  earlier  In  this  paper  where  cyt  c is 
electrostatically  adsorbed  at  DCA-modIfled  GC  by  Interactions  between  the 
positively  charge  lysine  groups  of  cyt  c and  the  carboxylate  groups  of  DCA. 
Similar  surface  coverages  (between  15  and  20  pmolfcm')  for  adsorbed  cyt  c at 
a self-assembled  carboxyl-terminated  alkanelhiolate  monolayers  with  alkyl  chain 
length  ranging  between  6 and  16  carbons  on  Au  have  been  reported  by  Bowden 
et  al.  (99). 

Assuming  the  cyt  c heme  group  is  facing  the  DCA-modlfied  electrode 


Cyt  c CV  Response  ai  Oplimum  DCA  Concentration  (0.50  mM).  CV 
(ij  of  cyt  c at  concentrations  between  9 and  46  iiM  in  35  mM 
phosphate  buffer  at  pH  8 at  GC  with  v = 0.100  Vs'  and  electrode 
area  = 0.06  cm’. 


Ip  (uA) 
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surface  during  cyt  c adsorption  facilitating  electron  transfer,  the  theoretical  value 
for  the  number  of  cyt  c molecules  necessary  lor  monolayer  coverage  is  7.09  x 
to”  molecules.  TOs  corresponds  loaprojected  areaol6.75  X tO"’*  cm*  per  cyt 
c molecule  that  was  calculated  using  the  dimensions  of  cyt  c 25  by  35  A.  as 
shown  in  Figure  8.  Experimentally  determined  surface  coverage  is  6.65  x 10" 
molecules  of  cyt  c which  Is  dose  to  the  theoretical  value  confirming  that  the 
heme  group  faces  the  modified  surface.  lOnetics  for  cyt  c at  DCA-modified  QC 
are  fast  confirming  favorable  orientaton  of  the  heme  group  lor  electron  transfer. 

Table  12  shows  that  the  sensitivity  of  the  method  for  cyt  c detection 
calculated  from  the  slope  of  the  calibration  plot  Is  greater  than  at  the  bare 
surface.  The  theoretical  i,  for  an  adsorption  controlled  reversible  process  (eq  12) 
with  the  surface  coverage  of  18.56  pmol/cm*  Is  1.7,  x 10'"  A/cm’  while  the 
measured  experimental  i„  lor  the  23  (iM  solution  is  (1.7,  ± 0.01)  x 10*  A/cm*. 
The  agreement  between  experimental  and  theoretical  values  Is  consistent  with  a 
monolayer  coverage  of  cyt  c at  the  surface  and  the  reversible  adsorption 
controlled  process. 

The  linear  dynamic  range  for  cyt  o was  calculated  by  diluting  the  original 
cyt  c solution  while  maintaining  the  DCAicyt  c ratio  of  12;1  . Dilutions  resulted 
in  a maximum  5 fold  change  in  lonlo  strength  of  the  DCA:cyt  c solution.  Because 
of  the  desalting  methods  used  in  cyt  c purification,  the  ionic  strength  was  only 
known  approximately  and  was  not  adjusted  In  the  measurements.  The  initial 
ionic  strength  was  low  at  a ca  35  mM  phosphate  concentration.  In  spite  of  the 
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Changes  in  Ionic  strength,  linearity  in  cyt  c response  was  observed  In  the 
concentretioh  range  from  9 to  46  pM,  inbioating  that  background  currents  and 
signal  to  noise  ratios  had  a small  effect  on  response  In  this  experiment,  e.g. 
changes  In  Ionic  strength  had  little  effect  on  response.  Following  dilution  of  the 
original  cyt  c solution,  however,  some  improvement  in  response  for  cyt  c was 
observed  where  the  background  currents  appeared  to  significantly  decrease.  A 
poor  response  (signal  barely  observed  over  background  currents)  was  observed 
for  a 9 |iM  solution  of  cyt  c indicating  that  detection  of  lower  concentrations 
would  not  be  feasible.  Therefore,  the  LOD  was  estimated  to  be  ca.  9 pM. 

5.4  Conclusions 

The  results  confirm  that  at  DCA-modified  graphite  the  response  for  cyt  c 
Is  due  to  electrostatic  adsorption  of  cyt  c at  the  OCA  assembly.  As  expected, 
DCA  adsorpton  occurs  through  hydrophobic  Interactlohs  whl^  allows  the 
carboxylate  groups  to  face  the  solution  and  interact  (electrostatically)  weakly  with 
cyt  c.  This  is  confirmed  by  fast  electron  transfer  of  cyt  c at  DCA-modified  surface 
and  small  negative  shifts  In  E°'  compared  to  the  native  solution  form.  Therefore, 
OCA-modlficatlcn  of  graphite  maintalhs  the  Inherent  good  properties  of  graphite 
for  bioanalysis  while  improving  surface  stability  and  sensitivity.  Quanttation  of 
cyt  c response  in  DCA  media  provided  an  optimum  ratio  of  12:1  DCAicyt  c for 
which  an  improvement  In  sensitivity  over  bare  surface  and  that  predicted 
theoretically  was  observed. 

In  ^e  analysis  of  DA,  aliphatic  surfactant  modification  was  shown  to 


improve  sensitivity  of  inactive  GC  and  reusabifity  of  active  flPG  without  sacrifidng 
its  sensitivity  (76,103),  DCA  modification  did  not  have  a significant  affect  on  HPG 
response  of  DA,  although  at  GC  a more  stable  surface  was  created.  DCA 
assembiy  was  not  effective  In  preconcentrating  DA.  presumabiy  because 
interactions  with  soiution  aggregates  were  favored  over  DA-modified  surface 
interactions.  At  the  higher  pH  needed  for  DCA  dissociation  and  at  the  positive 
potentiai  window  for  DA  analysis,  this  surfactant  is  not  as  effective  in  preventing 
surface  changes  at  active  RPQ.  The  small  decrease  In  DA  response  at  RPG  in 
DCA  solutions  is  consistent  with  a decrease  In  adsorption.  Quantitation  of 
response  for  DA  in  DCA  solution  indicated  that  the  presence  of  larger  aggregates 
was  best  for  good  DA  response.  Therefore,  an  enhancement  in  sensitivity  was 
not  observed  over  the  bare  surface  due  to  only  monolayer  formation  of  DCA  at 
the  surface.  However,  an  improvement  in  surface  access  was  observed  at  the 
DCA-modified  surface. 


CHAPTER  6 

IONIC  ALIPHATIC  SURFACTANT-MODIFIED  CARBON  RBER  DISK 
ELECTRODES  IN  ELECTROCHEMICAL  DETECTION  OF  CATECHOLAMINES 

Ultramicroelectrodes  have  many  advantages  over  conventional  size 
electrodes  in  bloanalysis  such  as  better  detection  limits  and  more  rapid  response 
time.  In  addition,  their  small  ohmic  potential  (IR)  drop  in  solution  allows  analysis 
to  be  conducted  in  organic  media  or  at  low  Ionic  strength,  unfortunately,  at 
untreated  carbon  fiber  electrodes  the  electrochemistry  of  catecholamines  Is  slow 
and  peaks  are  very  poorly  defined  (104,105).  Similarly  to  what  was  observed  at 
QC,  preferential  interactions  with  positively  charged  species  sut^  as  dopamine 
(DA)  have  been  observed  (14-16).  Unlike  at  GC,  DAadsorpfion  at  the  untreated 
carbon  fiber  has  been  reported  (16,104,105).  The  response  tor  negatively 
charged  DOPAC  is  even  slower  and  more  poorly  defined  than  tor  positively 
charged  DA  with  no  evidence  of  adsorption. 

Pretreatment  Is  an  important  factor  in  the  sensitivity  of  response  at  carbon 
fiber  electrodes.  Adams  et  al.  showed  how  the  extent  of  anodic  pretreatment 
affects  response  at  carbon  fiber  (104).  Strong  (Olo  2-3  V)  and  mild  (0.0  to  1,3- 
2.0  V)  electrochemical  pretreatment  (ECP)  methods  have  been  employed  to 
Improve  the  activity  of  carbon  fibers  in  the  analysis  of  biological  molecules  such 
as  catecholamines.  Following  mild  ECP,  an  increase  in  DA  adsorption  and  a 
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decrease  in  DOPAC  response  was  observed.  Strong  ECP  was  found  Ideal  for 
in  wvo  analysis  of  DA,  since  this  pretrealmem  enhanced  response  for  DA  and 
decreased  response  for  negatively  charged  ascorbic  acid  (AA)  which  usually 
interferes  with  DA  analysis  (104).  It  was  found  that  ECP  at  potentials  greater  than 
3 V results  in  a decrease  In  response  for  all  catecholamines  presumably  because 
the  surface  has  been  extensively  oxidized.  This  forms  an  insulatng  layer  at  the 
surface  which  partally  covers  the  surface.  The  small  response  observed  is  due 
to  the  small  percent  of  uncovered  cracks  (basal  plans  regions]  at  the  surface 
which  allow  access  to  all  catecholamines  and  do  not  discriminate  based  on 
charge.  Surface  fouling  as  a result  of  surface  oxidation  was  also  obsenred  at 
slow  scan  rates  and  at  positive  potential  scans  (3). 

ECP  methods  only  Improve  response  for  positively  charged 
catecholamines.  This  Improvement  In  response  Is  a result  of  increased 
adsorption  at  the  surface  which  in  turn  results  In  problems  with  surface  reusability 
(104).  The  focus  of  this  work  is  to  apply  a simitar  strategies  used  in  modif  cation 
of  conventional  size  graphite  electrodes  to  the  modification  of  carbon  fiber  disk 
electrodes  thereby  enhancing  their  properties  for  biological  analysis. 

Surfactant  moOilicallon  of  the  carbon  fiber  surfaces  should  provide  a 
simple  method  to  increase  the  sensitivity  of  carbon  fbers  for  bioanalysis  while 
enhancing  the  lifetime  of  the  electrode  by  reducing  surface  changes  such  as 
surface  oxidation.  In  addition,  the  presence  of  surfactant  in  sdution  is  expected 
to  result  in  a dynamic  continuous  exchange  between  surfactant  in  solution  and 
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at  the  surface,  providing  a continuousfy  renewed  surface  free  of  memory  effects 
similar  to  that  observed  for  conventional  size  eiectrodes.  A detafied  discussion 
of  the  response  of  catechoiamines  at  bare  and  surfactant-modified  carbon  fiber 
disk  eiectrodes,  as  well  as  the  parameters,  such  as  ionic  strength,  needed  for 
optimum  response  will  follow, 

6,1  Results  and  Discussion  for  Catecholamine  Hesoonse 
at  Bare  Carbon  Fiber  Surfaces 

The  results  In  Table  13  indicate  that  OA  exhibits  a better  response  than 
DOPAC  at  this  surface  at  low  ionic  strength.  The  plateau  potential  (EJ  for  DA  is 
better  defined  than  for  DOPAC  where  no  plateau  is  obsen/ed.  These  results  are 
consistent  with  preferential  cation  interactions  previously  reported  at  this  surface 
(16,104,105).  In  addition,  the  limitng  current  (y  tor  DA  is  much  greater  than  the 
theoretica!  value  of  0.0W30  A/cmM  (eq  14)  confirming  surface  preconcentration. 

The  response  of  catecholamines  at  this  surface  is  similar  to  that  at  CC 
where  preferential  cation  Interactlots  Is  observed  and  electrostatic  effects  are 
important.  Therefore,  It  was  expected  that  anienic  probe-surface  interactions 
(DOPAC)  should  improve  at  this  surface  with  increasing  Ionic  strength  while  the 
opposite  was  expected  for  cationic  probes  (DA).  Control  of  Ionic  strength  was 
expected  to  enable  manipulation  of  catecholamine  response  at  this  surface. 

The  results  in  Table  13  show  that  at  higher  ionic  strength  DOPAC-carbon  fber 
Interactions  improve  since  a plateau  Is  observed.  As  expected,  an  increase  in 
ionic  strength  decreases  DA  response  at  carbon  fiber  disk  electrode  as  evident 


Table  13.  RESPONSE  OF  CATECHOLAMINES  AT  A CARBON  RBER  DISK 
ELECTRODE 


Probe  concentrations  (C)  = 5 mM. 

Phosphate  buffer  at  pH  7. 

Umfi'ng  oxidation  currents  normalized  over  electrode  radius  (r)  = 2.7  * 
0.7  pm  and  probe  eoncsntraton  of  5 mM. 

Oxidation  peak  plateau  measured  at  v = 0.010  Vs''. 
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from  the  decrease  in  I,  and  a positive  shift  in  E,,  indicating  lower  surface 
concentration  and  slower  kinetics.  In  addition,  the  response  for  DOPAC  and  DA 
becomes  comparable  at  high  ionic  strength,  e.g.,  similar  I,  and  Ep  with  I, 
approaching  theoretcal  values  for  this  electrode  radius  (eg  14).  These  results 
Indicatethat  at  high  ionic  strength  when  surface  groups  are  screened  interactions 
with  the  surface  are  improved,  resulting  in  a similar  probe  response  for  DOPAC 
and  DA.  In  addition,  at  high  Ionic  strength  the  surface  resembles  RPG  since  both 
probes  can  access  the  surface  similarly.  These  results  suggest  that  at  low  Ionic 
strength,  when  the  surface  groups  are  exposed,  electrostatic  interactions  with  the 
surface  dominate.  However,  at  high  ionic  strength  when  the  surface  groups  are 
screened,  electrastalrc  interactions  are  weak  resulting  In  similar  interactions  for 
catecholamines  independent  of  charge. 

6.2  Catecholamine  Response  at  Allohalie  Surfactant- 
Modified  Carbon  Fiber  Surface 

6.21  Ionic  Strenolh  Effects  on  Aliphatic  Surfactant-Surface  Interactions  at 
Carbon  Rber 

The  effect  of  ionic  strength  on  aliphatic  surfactant-surface  interactions  at 
conventional  size  electrodes  (GC  and  RPG)  was  found  to  be  less  dramatic  than 
tor  probe-surface  interactions.  In  addition,  aliphatic  surfactant  assembly  at  actve 
RPG  appeared  to  be  insensitive  to  ionic  strength  effects.  At  carbon  fiber  disk 
electrodes,  electrostatic  interactions  appear  to  be  important  to  the  response  of 
catecholamines.  The  results  in  Table  14  indicate  that  cetyltrimethylammonium 
bromide  (CTAB)  -surface  interactions  are  best  at  low  ionic  strength  as  evident 
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from  tha  greater  enhancement  in  response  of  DOPAC  relatve  to  the  bare  surface 
(Tables  13  and  14)  where  a greater  i,  and  lower  Ep  is  observed  at  low  Ionic 
strength  while  at  high  ionic  strength  CTAB  addition  has  no  signifcant  effect  on 
DOPAC  response  compared  to  the  bare  surface  (Table  13).  On  the  other  hand, 
sodium  dodecyl  sulfate  (SDS)  -surface  interactions  are  best  at  high  Ionic  strength 
since  DA  response  at  high  ionic  strength  Improves  in  the  presence  of  SDS  (Table 
14)  over  the  bare  surface  (Table  13),  while  at  low  ionic  strength  OA  response  is 
poor  In  SDS  solution  (Table  14)  and  is  much  better  at  the  bare  surface  (Table 
13). 

Ionic  strength  effects  on  CTAB  and  SDS  surfactant  assembly  at  the  carbon 
fiber  surface  suggest  that  electrostatic  interactions  drive  surfactant  assembly 
here,  similar  to  what  was  observed  at  GC  and  RPQ.  Suifactant-surface 
Interactions  at  carbon  fiber  disk  electrodes  are  more  susceptible  to  changes  In 
ionic  strength  than  at  GC  or  PPG,  consistent  with  the  greater  hydrophillcity  of  this 
surface  due  to  the  presence  of  an  excess  of  edge  planes  (4).  Earlier  it  was 
shown  that  aliphatic  surfactant-RPG  interactions  were  insensitive  to  ionic  strength 
since  probe  response  did  not  change  (Table  7).  In  addition,  although  aliphatic 
surfactant-GC  interactions  did  change  with  Increasing  ionic  strength  (Table  6),  the 
change  was  less  dramatic  than  observed  lor  carbon  fiber  electrodes  (Table  14). 
6.22  Surfaelant  Effect  on  Surface  Stability 

In  addition  to  Improving  probe  response,  e.g.  peak  plateau,  aliphatic 


Table  14. 


SURFACTANT  EFFECT  ON  CATECHOLAMINE  RESPONSE  AT 
A CARBON  FIBER  DISK  ELECTRODE 


0.00467  ± 0.00002 


0.00502  t 0.0( 


NO  PLATEAU 


Probe  concentration  (C)  = 5 mM,  DOPAC  response  in  3 mM  CTA6 
solutions  and  DA  response  In  10  mU  SDS  soluCons. 


' Phosphate  buffer 


pH  7. 


Umltng  oxidaton  currents  normalized  over  electrode  radius  (r)  = 2.7  s 
0.7  pm  and  probe  concentratibn  of  5 mM. 

Oxidation  plateau  potential  measured  at  v = 0.010  Vs'T 


surfactants  In  solution  stnould  improve  surface  reusability  similarly  to  what  was 


obsen/ed  at  GC  and  RPG.  The  results  irt  Rgure  21  show  response  of  DOPAC 
at  bare  and  CTAB-modifted  oarbon  fber  disk  electrodes  at  O.SOM.  This  ionic 
strength  was  chosen  because  at  low  ionic  strength  no  plateau  for  DOPAC  is 
observed  a:  the  bare  surface.  This  fgure  indicates  signifcant  surface  changes 
with  scan  repetition  in  the  absence  of  CTAB  (Rgure  21  (A)).  Following  CTAB 
addition  the  response  becomes  stable  with  scan  number  (Rgure  21  (B)).  A 
similar  but  less  dramatic  effect  was  observed  for  DA  following  SOS  addition.  The 
Improvement  in  surface  stability  is  less  dramatic  in  SOS  solutions,  presumably, 
due  to  the  favored  interactions  of  CTAB  over  SDS  with  the  surface  resulting  in  a 
better  assembly  that  Is  more  capable  of  preventing  surface  changes. 

In  addition  to  surface  changes  resulting  from  probe  adsorption,  surface 
changes  as  a result  of  surface  oxidation  shorter  lime  spent  at  oxidizing  potentials 
must  be  considered  at  graphite  surfaces  such  as  carbon  fiber.  Surface  changes 
dur'rtg  analysis  were  observed  to  decrease  vwdt  increasing  scan  rate  (v). 
Apparently,  at  faster  v the  surface  is  less  susceptible  to  surface  oxidafion  and 
concomitant  surface  changes.  This  is  evident  from  the  compahson  of  Rgures  21 
and  22  run  at  0.010  and  0.100  Vs  ',  respectively.  These  figures  show  that  the 
surface  Is  more  susceptible  to  surface  changes  at  lower  v.  Furthermore,  from 
Rgure  22  it  is  apparent  that  even  at  faster  v surfactants  provided  an  additonal 
enhancement  in  surface  stability  with  better  response,  e.g.  better  defined  plateau 
and  less  posrtive  E,,  than  observed  at  the  bare  surface.  Again,  a simriar  but  lass 


Rgura  21.  CV  for  DOPAC  at  a CarDon  Fiber  Electrode,  v = 0.010  Vs', 

r = of  2.7  urn,  and  C = 5 mM  DOPAC  In  0.50  M pH  7 phosphate 
buffer.  Currents  reported  have  been  amplifed  10'  times: 
a)  bare  surface;  b)CTAB-modified  surface  (vsith  3 mU  CTAB). 


(Vn)  I 


E (mV) 


Scan  Rale  Effects  on  Surface  Stability.  CV  for  DOPAC  at  carbon 
fiber  at  V = 0.100  Vs  ':  (A)  bare;  (B)  CTAB-modilied  (3  mM  CTAB). 
As  a function  of  scan  number  with  r = 2.7  iim.  and  C = 5 mM 
OOPAC  In  0.50  M pH  7 phosphate  buffer.  Currents  have  been 
ampiffed  by  10'. 


E (mV) 


E (mV) 
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dramatc  effect  was  observed  for  DA,  where  response  at  the  bare  and  SDS- 
modlfied  surface  was  more  stc^le  at  faster  v.  Figure  23  shows  the  greater 
stability  of  response  for  DA  at  SDS-modIfied  carbon  fiber  electrode  run  at  afaster 
V of  0.100  V'  than  at  0.010  Vs'. 

6.3  CONCLUSIONS 

From  these  results  it  is  dear  that  aliphatic  surfactant  assembly  Improves 
the  stability  of  the  carbon  fiber  disk  electrode  for  catecholamine  analysis, 
primarily  for  anionic  catecholamine,  DOPAC,  which  otherwise  exhibits  poor 
response  at  the  unmodified  surface.  This  can  be  expected  since  the  carbon  fiber 
surface  resembles  GC  where  eiectroslatic  inleracdons  are  important.  The  carbon 
fiber  surface  required  no  pretreatment  to  observed  the  improved  response  in 
allphabc  surfactant  solutions.  Before  surfactant  assembly  the  fiber  was  simply 
pdlshed  with  gamal  alumina. 

Similar  to  the  results  at  GC  and  RPQ,  catonlc  surfactant  assembly  appears 
to  be  more  effective  at  the  carbon  fiber  surface,  consistent  wltti  preferential 
catonlc  interactions  with  the  surface.  In  addition  to  the  use  of  surfactants, 
surface  changes  during  analysis  could  also  be  reduced  by  working  at  faster  v 
thereby  limiting  surface  oxidation. 


Rgure  23. 


Scan  Rate  Effects  on  Surface  Stability.  CV  for  DA  at  SDS-modifiecI 
carbon  fber  at:  (A)  » - 0.010  Vs':  (B)  v 0.100  Vs''.  As  a function 
of  scan  number  with  r > 2.7  iirn,  and  C = S mM  DA  and  10  mM 
SDS  in  0.50  M pH  7 phosphate  buffer.  Currents  have  been  amplif  ed 
by  10*. 


e (mV> 


CHAPTER  7 

CONCLUSIONS  AND  FUTURE  WORK 

It  has  been  shown  that  surfactant  modification  of  graphite  surfaces  Improves  the 
response  of  Inactive  surfaces  such  as  GC  and  improves  the  stability  of  active  but  easily 
fouled  RPG.  The  results  indicate  that  ionic  surfactartts  interact  head-on  at  QC  and  HPQ 
Sirough  electrostatic  interactions  with  the  hydrophilic,  negatively  charged  surface  groups 
driving  the  assembly.  Therefore,  cationic  surfactants  interact  more  favorably  with  these 
surfaces.  The  results  indicate  that  electrostatic  Interactions  at  GC  are  more  important 
than  at  RPG  despite  the  greater  negative  charge  density  of  RPG.  At  RPG  a combination 
of  electrostatic  and  hydrophobic  Interactions  Is  Important  to  good  response.  Because 
of  differences  In  surface  structure,  e.g„  heterogeneity  (roughness),  the  microstructure 
of  surfactant  assemblies  differs  at  GC  and  RPG,  where  surfactant  assembly  at  GC  is 
thought  to  be  more  bilayer-like  and  at  RPG  more  micelle-like.  Due  to  the  different 
probe-surface  Interactions  at  RPG  and  GC,  surfactants  effect  on  probe  response  differs 
at  these  surfaces.  An  enhancement  In  catecholamine  response  Is  observed  at  inactive 
GC  and  a reduction  In  adsorption  of  catecholamines,  leading  to  a reduction  in  surface 
changes,  is  observed  at  RPG. 

The  nature  of  the  double  layer  composition  had  a more  significant  effect  on 
catecholamine  response  at  the  bare  surface  than  at  the  surfactant-modifed  surface. 
Again,  these  effects  were  more  apparent  at  GC  where  electrostatc  interactiohs  are 
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important.  Effective  charge  screening  observed  at  high  iCHtic  strength  or  in  the 
of  multiply  charged  catons  resuits  in  an  Improvement  in  response  for  anionic  species 
and  a reduction  in  response  for  cationic  ones  at  QC.  Similarly,  anionic  surfactant 
assembly  at  GC  was  somewhat  improved  with  effective  charge  screening.  At  RPG, 
catecholamine  response  was  best  at  high  ionic  strength,  when  other  interactions  with 
the  surface  such  as  hydrophobic  ones  were  optimum  and  surfactant  assembly  was 
insensitive  to  changes  in  the  double  layer  composition.  Most  Importantly,  these  results 
showed  that  surfactants  provide  a favorable  amphophilicenvironment  for  catecholamine 
response  which  can  not  be  achieved  simply  by  controlling  double  layer  composition. 

Application  of  biological  surfactants,  Pile,  In  the  modification  of  QC  and  RPG  for 
the  electrochemical  analysis  of  a redox  protein  proved  to  be  successful  in  providing  a 
sensitive  and  stable  response  while  maintaining  the  protein  In  native  form.  In  adOlt’on, 
the  results  provided  a model  for  bile-protein  Interactions  which  provides  Insight  into  the 
parameters  needed  for  good  response  of  large  as  well  as  small  biological  molecules. 
From  these  results  it  can  be  concluded  that  for  good  response  of  a redox  protein,  weak 
(Blectrostalc  or  hydrogen  bonding)  modifier-protein  interactions  are  best.  These 
interactions  leave  the  tertiary  structure  of  the  protein  intact.  In  addition  to  weak  protein- 
modifier  Interactions,  modifier-surface  imeractons  must  be  favored  over  protein-surface 
interactions  In  order  to  prevent  direct  protein-surface  Interactions,  since,  this  can  lead 
to  permanent  protwn  adsorption  at  the  surface  and  eventual  loss  of  signal. 

Bile  surfactants  proved  to  be  such  a mcdrlier  since  bile-protein  interactions  are 
electrostatic,  as  confirmed  by  the  measured  E”.  In  addition,  the  improvement  In  surface 
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stability  and  sensitivity  observed  at  both  surfaces  In  bile  solutions  indicates  that  bile 
assembly  at  the  Surface  is  favored  over  that  of  the  protein.  Finally,  these  results  confirm 
that  the  assembly  of  bile  surfactants  at  GC  and  RPG  Is  driven  by  hydrophobic 
interactions,  since  favorable  electrostatic  interactions  between  positively  charged  protein 
and  catecholamine  were  observed. 

Ionic  surfactant  modification  of  ca^on  fiber  electrodes  also  proved  to  be 
successful  in  the  analysis  of  catecholamines.  Because  of  the  high  density  of  edge 
planes  reported  at  Siis  surface,  cation  preconcentration  Is  observed  at  low  ionic  strength 
when  these  negative  surface  groups  are  most  exposed.  This  is  consistent  with  the 
higher  limiting  currents  observed  for  positively  charged  catecholamines  than  negatively 
charged  ones.  However,  at  high  ionic  strength  when  these  negative  sites  are  screened, 
other  interactions  with  the  surface  such  as  hydrophobic  ones  exist.  These  Interactions 
result  In  similar  catecholamine-surface  interactions  lor  both  negative  and  positive 
charged  probes. 

Ionic  aliphatic  surfactant  assembly  at  carbon  fiber  electrodes  appears  to  be  driven 
by  electrostatic  effects  since  surfactant  assembly  is  significantly  affected  by  ionic 
strength.  Similarly  to  what  was  observed  for  catecholamines  at  conventional  size 
electrodes,  anionic  aliphatic  surfactants  (SDS)  assembled  best  at  high  Ionic  strength 
and  cationic  ones  (CTAB)  were  assembled  best  at  low  Ionic  strength.  Again,  cationic 
surfactant  assembiy  was  more  effective  than  anionic  surfactant  assembly  consistent  with 
the  results  at  GC  and  RPG.  Furthermore,  Ionic  allphetic  surfactant  modification  of 
carbon  fiber  disk  electrodes  was  effective  in  reducing  surface  changes.  This  was 
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apparent  from  the  increase  in  st^illty  of  response  of  catecholamines  observed  in  the 
presence  of  surfactants.  Surface  changes  due  to  surface  oxidation  were  shown  to  be 
reduced  at  faster  scan  rates,  consistent  with  prewous  work  (2).  The  combinaton  of 
faster  scan  rates  with  surfactant  modification  proved  to  Pe  best  for  sensitve  and  stable 
catecholamine  response. 

Future  work  In  this  area  should  be  aimed  at  applying  these  modified  surfaces  as 
electrochemical  detectors  for  chromatographic  methods  such  as  HPLC  and  CZE. 
Surfactants  in  liquid  chromatography  have  been  shown  to  Improve  separation  efficiency, 
reduce  band  broadening  and  improve  resolution  (1,  106-109).  Surfactants  act  as  a 
pseudostationary  phase  in  separations.  Improving  resolution  for  structurally  similar 
species  as  a result  of  differential  panitiohing  of  the  analytes  within  the  interior  of  the 
micelles  where  more  hydrophobic  compounde  partition  deeper  than  less  hydrophobic 
ones  (110).  Surfactants  reduce  adsorption  of  analyte  on  a reverse  phase  stationary 
phase,  thus  decreasing  their  retentnn  times.  This  also  results  In  a reduction  in  peak 
broadening  due  to  a reduction  of  analyte  adsorption  on  the  column  (106).  In  addition, 
the  need  for  organic  solvents  which  can  cause  protein  denaturing  can  be  avoided  in 
surfactant  media  (106).  Therefore,  with  proper  choice  of  surtactant,  both  the  separation 
and  the  electrochemical  detection  of  biological  molecules  can  be  easily  Improved. 
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